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PEEFACE TO REVISED EDITION. 



The progress in chemietiy during the ten years 
I which have elapsed Bince this work was first pubhahed 
and stereotjped has been accompanied by no such revo- 
Intion in its philosophy as the previous transition from 
I the dualietic system of Berzehus to the unitary system 
of stmctural organic chemistry had involved. Never- 
theless, there has been a constant advance, during which 
we have gained clearer conceptions and more com- 
prehensive views of the fundamental principles of the 
science ; and many of the accidental features which 
marked the transition period have disappeared. Mean- 
while the distinction between elementary subatancea 
and materials consisting of isolated elementary atoms 
has become clear, and in making these last, alone, the 
elements of chemistry we have pushed our science, if 
not to its extreme limits, still one step further back ; 
and in taking this step we have left behind many of 
the anomalies which previously encumbered our philoso- 
L phy. Except in a very limited sense, the so-called ele- 
linentary substances are now seen to be as truly com- 
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pounded as any other substances, and it is manifest that 
their qualities must depend on molecular structure, or 
on the resulting dynamical relations, as well as on the 
fundamental attributes of the ultimate atoms. There 
is, therefore, no longer any reason for limiting the state- 
ment of the great fundamental law of definite propor- 
tions to the relations of elementary substance, and 
clearness of exposition is gained by giving to this state- 
ment the widest possible scope. 

But unquestionably the most important advance in 
chemistry during the last decade has resulted from 
the study of the thermal changes accompanying chem- 
ical processes, which has proved that the law of the 
conservation of energy is a directing principle in chem- 
istry as important as it is in physics. This study has 
developed an entirely new branch of our science called 
thermo-chemistry ; and we now confidently look for- 
ward to a time in the near future when we shall be 
able to predict the order of phenomena in chemistry as 
fully as we now can in astronomy. 

So important and fundamental have been the 
changes required by the recent progress that, in prepar- 
ing this book for a new edition, the author has found it 
necessary to add a great deal of new material and in 
many places to rewrite the old, but he has endeavored 
to make the new edition, like the first, a popular expo- 
sition of the actual state of the science. 

Cahbridgi, U. S. a., October ^2^ 1883. 



PREFACE. 



The lectures now published were delivered before 
the Lowell Institute, in Boston, in the autumn of 1872. 
They aimed to present the modem theories of chem- 
istry to an intelligent but not a professional audience, 
and to give to the philosophy of the science a logi- 
cal consistency, by resting it on the law of Avogadro. 
Since many of the audience had studied the elements 
of chemistry, as they were formerly taught under the 
dualistic system, it was also made an object to point out 
the chief characteristics by which the new chemistry 
diflfered from the old. The limitations of a course of 
popular lectures necessarily precluded a full presenta- 
tion of the subject, and only the more prominent and 
less technical features of the new system were discussed. 
In writing out his notes for the press, the author has 
retained the lecture style, because it is so well adapted 
for the popular exposition of scientific subjects ; but he 
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is painfully conscious that any description of experi- 
ments must necessarily fall far short of giving that force 
of impression which the phenomena of Nature produce 
when they speak for themselves, and, in weighing the 
arguments presented, he must beg his readers to make 
allowances for this fact. 

i 

Gambbidox, StpUmber 6, 1873. 
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Is moat works on chemistry this subject is defined 
ae the science wMeh treats of the composition of bodies ; 
and it is made the chief object to present the scheme 
of the chemical elements, and to show that, by com- 
bining these elements, the innumerable products of 
nature and the arts may be prepared ; and, although 
the fundamental laws of the science may be fully iUiia- 
trated, the discussion of these general principles is made 
a sabordinate feature of the work. 

In the larger treatiees, which must consist chieily 
of descriptiona of substances and processes, this method 
of treatment ia both natural and neceesai-y. But the 
same plan ia almost invariably adopted in the element- 
ary text-books, which are made for the moat part com- 
pilations of facts, and differ from the larger works 
chiefly in the brevity and consequent incomplcteiicss 
of their descriptions. To the great mass of leamere 
the study of these text-books is uninteresting and prof- 
itless ; for, before the student is made familiar, through 
long laboratory practice, with the materials and pro- 
cesses described, such a book is little more to him t!~an 
a catalogue of names to which he attaches no signM- 
cance. 



xii INTEODCCTION. 

While, Iiowcver, tlie facts of chemistry have mnl- I 
tiplied to an exteut tliat renders it impoBsible to J 
preBent them, even briefly, in a volume of moderate J 
size, the general principles of the science hare been^ 
eo developed that they now form an important body 
of scientific truths, which may be studied to advan- 
tage by themselves, before attempting to grasp the 
great scheme which the composition of material nature 



On this plan the present work has been written. 
The aim has been to develop the general principles of 
chemistry in a systematic order, and only so far to 
describe substances and processes as seemed necessary 
to illustrate these principles. 

Chemistry is defined as the science which treats of 
those phenomena of natm-e that involve a change of 
substance, and such phenomena are defined as chemical 
processes. It is shown that a chemical process always 
consists in the change of certain substances called the 
factors into certain other snbstances called the prodncts, 
and that the firet object of chemical investigation is to 
determine, in regard to each chemical process, what are 
the factors and what are the products. It is further 
shown that every chemical process obeys three funda- 
mental laws : 1. That the sum of the weights of the 
prodncts equals the sum of the weights of the factors. 
2. That the relative weights of the several factors and 
products bear to each other a definite ratio. 3. That, 
if the factors or products are aeriform, the volumes of 
such vapors or gases are very simply related. These 
laws are called respectively^ 

The Law of Conservation of Mass ; 

The Law of Definite Proportions ; 

The Law of Gay-Lussac. 
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CJTRODcrnoN. xii; 

'ill be noticed that tiie fundamental laws of 
■J", thuB enunciated, are facts capable of simple 
experimental illustration, and involve no hypotheEis 
whatsoever. At this point, however, the molecular the- 
ory, by which these laws are explained and shown to be 
related to a Bjstem of science, is introdneed. The way 
has already been prepared by stating the general prin- 
ciples of the kinetic theory of gases, by which mole- 
cules are deiined, and tlieir relative weights established ; 
involving the well-known laws of Mariotte, of Charles, 
and of Avogadro. 

It is next made to appear that the molecular weights 
deduced from the kinetic theory are very simply re- 
lated to the definite proportions observed iu chemical 
processes ; and thus we are led to the chemical as dis- 
tinguished from the physical conception of the mole- 
cule, and it is shown how greatly the coincidence be- 
tween the chemical and the physical results confirms 
tho molecular theory. The molecule having been fur- 
ther defined as the smallest mass in which the qualities 
of a substance inhere, it ia made clear that in all chemi- 
cal processes the action must be refciTed to the mole- 
cnlea of which the several masses of the factors and 
products are aggregates. 

Thus far nothing has been said about the compo- 
eition of matter ; but it is now shown that the study 
of chemical processes requires us to admit that in 
some cases tho material of a prodaet was formerly a 
part of the material of a factor, while iu other cases 
the material of two or more factora has united to form 
the material of a eiogie product. Hence arise neces- 
sarily our conceptions of decomposition or composition, 
of analysis or synthesis ; and we thus easily reach the 
further conception of a class of substances, which, while 



INTBODUCnOH. 

capable of eynthcsiB, are incapable of analyets. These I 
are the elementary snbstanceB ; and although at thia ^ 

stage the complex proceEecB of chemical analjBia can ] 
not be fully explained, yet the general principles may J 
be made intelligible, and the method of expressing the ■ 
percentage composition of chemical compounds clearly ■ 
stated. 1 

From thia stage in the development of our chemical 
philosophy we take tho next important step without 
difficulty. Since the qualities of a substance inhere in 
its molecules, the composition of the molecule must be 
the same as the composition of the substance ; and the 
percentage of any element, found from an analysis of 
a mass of tho substance, is the percentage of that ele- 
ment in the molecule itself. These elementary parts 
of the molecules are the atoms of chemistry, and we 
thna reach not only a conception of the smallest par- 
ticles into which matter has been subdivided, but also 
attain to a knowledge of the general method by which 
the atomic weights have been established. 

When the conceptions which modern chemistry 
connects with the words molecule and atom have been 
realized by the student, the meaning of the symbolical 
language of the science is made intelligible with only 
a few words of explanation. The simple Bymbols stand 
for the atoms, with their invariable relative weights; 
molecules are represented by writing together the sym- 
bols of the atoms of which they consist, indicating the 
number of atoms of each kind by a suhacript Arabic 
numeral ; and these molecular formulse indicate not 
only the molecular weight, but all such formulffi also 
represent equal gas-volumes. Lastly, chemical processes 
are represented by writing the formnlEe of the mole- 
culee of the factors as the first member, and those of 
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the products as the second member, of an equation; 
indicating by numerical co-efficients before each of these 
terms the number of the molecules of each subBtance 
involved in the reaction. After this simple syetem of 
symbols has been described, it becomes evident that our 
chemical equations not only accurately represent tlie 
relations of a chemical process, but also that they are 
constant declai-ations of the three great fundamental 
laws of chemistry already stated — the Law of Conserva- 
tion of Mass ; the Law of Definite Proportions ; and 
the Law of Gay-Lussac. 

A full command of the symbolical language of 
chemistry is so essential to every student of the science 
tliat we next illustrate its use by a number of examples 
which are so selected as to prepare the way for a further 
development of the subject. These examples include 
the phenomena of combustion as a preparation for the 
grand generalizations of thermo-chemistry, 

The conception of the molecule as a system of atoms 
having been fully grasped, the next step is to bring for- 
ward the evidence of molecular structure, and to illus- 
trate the doctrine of quanti valence, or atomicity. Be- 
ginning with the compounds called hydrates, including 
those important chemical agents the acids and alkalies, 
and first showing tliat tJie characteristic qualities of 
these bodies depend upon a common feature in their 
jnolecular structure, known as the hydroxyl group, we 
readily develop the subject so far as to give a general • 
idea of the conceptions of modem structural chemistry, 
and of the striking results to which it has led ; not for- 
getting to point out how far our representations of 
molecular structure are conventional and how far they 
embody undoubted tnith. 

Having recognized the very great difference in the 
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stability of molecnles, wliether resulting from tlieir| 
own struetarc or from their association with eacli otlier,* 
and secinjr the manifest teniiency of chemical proceseea I 
to the prodncts of ^^^atest stability, ve next etndy the I 
facta which prove that, wliile a change from n more to J 
a lei*e stable Biibstance is attended with the absoi-ptioa I 
of Iieut, imd thcn-forc requires the expenditure of ' 
vnorgy, the reversion to the stable condition is accom- 
piiiiied by an equal evolntion of heat, or a eorrespond- 
ing manifestation of energy; and we discover that the 
fumitiar phenomena of combustion are merely striking 
osamptes tinder this general law. We tlms reach the 
oir>nception tJiat by conditions of etractnre the atoms of 
nioleouliM may bo held njiart from those more intimate 
nuoclationn into which tJie atomic forces tend to bring 
fht'tii ; and from tlic analogy of the coustrnctions of 
man, in which liirgo masses of masonry are held above 
the mirfnco of tlio earth ia opposition to the force of 
(Cnivitutlon, but fall in niin when the supports crumble, 
wo g[iln a rlearor idcft of tlio nature of chemieul pro- 
pi^NiiOit. Bnch procciinee nro now seen to be in hai-mony 
with tilt) general order of nature and with the great 
liiw of oonworvfttion of energy. "Wlien the sun-rays, 
iii'tliiK on thf green leaves of the plants, generate the 
prtxlliotM nl' organic life, they do work like that of those 
oldt*r liuildiim who Bpread over many a consecrated 
clirhiD iimgiiificont carved vaultings secured in place 
by a«nuratp|y fitting and Imliineing the massive blocks 
ii( utitrm ; mid now when lu-y-stono or buttress fail, and 
lliu frot-work comes tumbling down, the energy devel- 
itpnd In ihii fall furnishes us a similitude of the wonder- 
ful nuiiilfrtHliitions of power which accompany the fall- 
Ilia back of organic products into the stable materials 
tmiii wbli'h Ihtiy originally sprang. 
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FiDally, if tlio union of atoms is attended with an 
\ ever-increasing evolution of heat as they press together 
I into cloBer and closer associationB, we should naturally 
I expect that the effect of increasing temperature would 
I be to part the atoms ; and as we study the phenomena 
I of disasBociation we ai'e led to the latest conception of 
chemical philosophy, that of a condition of diaaEBOciated 
stoma out of which the material universe has been devel- 
oped. Such isolated atoms are for the present at least 
the ultimate elements of chemistry, and before reaching 
this condition all qualities which distinguish substances 
disappear except only a definite mass whose rhythmic 
pulsations the apectroscope may reveal. As out of such 
a primal chaotic condition molecular structures were 
evolved, the qualities of substances appeared, and the 
energy of nature was awakened. To discover the laws 
of this evolution so as to follow its various steps and 
be able to predict the results under given conditions, ia 
the future work of chemistry. 

The plan of developing the principles of chemistry 

sketched above is suitable not only for a popular pi-es- 

entation of the subject like that in this volume, hut 

also for a course of laboratory teaching. In such a 

course every point in the reasoning should be fully 

enforced by experiments, which should be so devised 

that the student will be led to tlie i-esuit inductively, 

and at the same time will understand the limitations 

^^^ within which the principle illustrated holds true. On 

^^Ltliis plan his interest can be sustained to the end, which 

^^Kis hardly possible in following through the weary cata- 

^^Blogue of elementary substances, involving a repetition 

^^Bof details as proiitless to the general student as it is 

^^Htedious and uninteresting. 
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MOLEODlEa AND ATOOADBO 3 LAW. 

In every pLysical ecience we have carefullj to dis- 
tinguish between the facts which form ita subject-mal- 
ter and the theories by which we attempt to explain 
these facts, and group them in onr scientific Bystems. 
The first alone can be regarded as absolute knowledge, 
and such knowledge is immutable, except in so far bs 
subsequent observation may correct previous error. 
The last are, at best, only guesses at truth, and, even 
in their highest development, are subject to limitations, 
and liable to change. 

But this distinction, so obvious when stated, is often 
overlooked in our scientific text-books, and not without 
reason, for it is the sole aim of these elementary 
treatises to teach the present state of knowledge, and 
they might fail in their object if they attempted, by a 
too critical analysis, to separate the phenomena from 
the systems by which alone the facts of Nature are 
correlated and rendered intelligible. 

When, however, we come to study the history of 
science, the distinction between fact and theory ob- 
trudes itself at once upon our attention. We see 
that, while the prominent facts of science have re- 
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maincd the same, ite biatory hae been marked by very 
frequent revolutions in its theorieB or systems. The 
courses of the planets have not changed since they 
were watched by the Chaldean astronomers, three thou- 
sand yoara ago ; but how differently have their motionB 
been explained — first by Hipparubus' and Ptolemy, 
then by Copernicus and Kepler, and lastly by Newton 
and Laplace I — and, however great our faith in the law 
of universal gravitation, it is difficult to believe that' 
even this grand generalization is the final result of 
astronomical science. 

Let me not, however, be understood to imply a be- 
lief that man cannot attain to any absolute eclentiflc 
truth ; for I bclicvo that he can, and I feel that every 
great generalization brings him a step nearer to tbo 
promised goal. Moreover, 1 sympathize with that 
beautiful idea of Oersted, which he expressed in the 
now familiar phrase, " T/ie laws of Nature are the 
thoughts of God;" but, then, I also know that our 
knowledge of these laws is as yet veiy imperfect, and 
that our human systems must be at the best but very 
partial expressions of the truth. Still, it is a fact, wor- 
thy of our profound attention, that in each of the physi- 
cal sciences, as in astronomy, the successive great gen- 
eralizations which have marked its progress have in- 
cluded and expanded rather than supereeded those which 
went before them. Through the great revolutions which 
have taken place in the forma of thought, the elements 
of truth in the successive systems have been preserved, 
while the error has been as constantly eliminated ; 
and 80, as I believe, it always will be, until the last 
generalization of all brings us into the presence 
law which is indeed the thought of God, 

There \a also another fact, which has an imoorti 
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I the subject we are considering. Almost 
it generalizations of science have been more 
or less fully anticipated, at least in so far that the gen- 
eral truth which they involve has been previously 
conceived. The Copemican theory was taught, eub- 
etantially, by the disciples of Pythagoras. The law 
of gravitation waa suggested, both by Hooke and 
Cassini, several years before Newton published his 
" Principia ; " and the same general fact has been 
recently very markedly illustrated in the discovery of 
the methods of spectrum analysis, every principle of 
which had been previously announced. The history 
of science shows that the age must he prepared before 
really new scientific truths can take root and grow. 
The barren premonitions of science have been barren 
because these seeds of truth fell upon unfruitful soil ; 
and, as soon as the fulness of the time was come, the 
seed has taken root and the fruit has ripened. Tfo 
one can doubt, for example, that the law of gravitation 
would have been discovered before the close of the 
seventeenth century if Newton bad not lived; and it ib 
equally true that, had Newton lived before Galileo and 
Kepler, he never could have mastered the difficult 
problems it was his privilege to solve. We justly honor 
with the greatest veneration the true men who, having 
been called to occupy these distinguished places in the 
history of science, have been equal to their position, 
and have acquitted themselves so nobly before the 
world ; but every student is surprised to find how veiy 
little is the share of new truth which even tjie greatest 
genius has added to the previous stock. Science is a 
growth of time, and, though man's cultivation of the 
field is an essential condition of that growth, the de- 
velopment steadily progresses, independently of any ii 
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dividual investigator, however great his mental power. 
The greatest philosophical generalizations, if prema- 
ture, will fall on barren Boil, and, vpben the age ia 
ripe, they are never long delayed. The very discovery 
of law is regulated by law, or, as we rather believe, is 
directed by Providence ; but, however we may prefer 
to represent the facts, this natural growth of knowl- 
edge gives U8 the atrongest asBwance that the growth 
is sound and the progress real. Although the fonn- 
dations of science have been laid in such obscurity, its 
students have worked under the direction of the same 
guiding power which rules over the whole of Nature, 
and it cannot be that the structure they have reared 
with so much care is nothing but the phantom of a 
dream. Still it is true that, beyond the limits of direct 
observation, our ecience is not infallible, and our theo- 
ries and systems, although thoy may all contain a ker- 
nel of truth, undergo frequent changes, and are often 
revolutionized. 

Through such a revolution the theory of chemistry 
has recently passed, and the system which is now uni- 
versally accepted by the principal students of the sei* 
ence ia greatly different from that which has been 
taught in our schools and colleges until within a few 
years, I have, therefore, felt that the best service I 
could render in this course of lectures would be to ex- 
plain, as clearly as I am able, tlie principles on which 
the new philosophy is based, and to show in what it 
differs from the old, I have felt that there were many 
who, having studied what we must now call the old 
chemistry, would be glad to bridge over the gulf which 
separates it from the new, and to become acquainted 
with the methods by which wa now seek to group to- 
gether and explain the old &cts. 
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Those who studied the science of chemistry twenty 
as it was taught, for example, in the worka 
of the late Dr. Turner, were greatly impressed with 
the simplicity of the system and the beauty of its no- 
menclature. Until recently the study of the new chemis- 
try has been far less inTiting ; since the science has been 
passing through a process of reconstruction, and dis- 
played tlie imperfections of any half-built edifice ; but 
it has now reached a condition in which it can be pre- 
sented with the unity of a philosophical system. Our 
starting-point in the exposition of the modern chemis- 
try must be the great generalization which is now 
known as the law of Avogadro, or Ampere, This 
law was first stated by Anaedoo Avogadro, an Italian 
physicist, in 1811, and was reproduced by Ampere, a 
French physicist, in 1514. But, although attained 
thus early in the history of our science, this grand 
conception remained barren for nearly half a century. 
Now, however, it holds the same place in chemistry 
that the law of gravitation does in astronomy, though, 
unlike the latter, it was announced half a century be- 
fore the science was sufficiently mature to accept it. 
The law of Avogadro may be enunciated thus : 

EquAI, volumes of all SrBSTANCEa, WHEN DJ THE 
STATE OF GAa, AND UNDER LIKE CONDITIONS, CONTAIN THE 

BAME NUMBER OF MOLECULES (Ajoogadro, 1811 — Ampere, 
1814). 

The enunciation of this law is very simple, but, be- 
fore we can comprehend its meaning, we must under- 
stand what is meant by the term molecule. This 
word is the one selected by Avogadro in the enuncia- 
tion of his law. It is obviously of Latin origin, and 
means simply a little mass of matter. Ampere used in 
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call water, the resulting mass of stcara being absolutely 
homogeneouB, BO that there is no space within the cnbic 
foot, however minnte, which does not contain ita prop- 
er proportion of water. 

The second is, that the cubic inch of water consists 
of a certain number of definite particles, which, in the 
procesB of boiling, are not subdivided, so that the cubic 
foot of steam contains the same number of the same 
particles as the cubic inch of water, the conversion of 
the one into the other depending simply on the action 
of heat in separating these particles to a greater dis- 
tance. Hence the steam is not absolutely homogene- 
ous ; for, if we consider spaces sufficiently minute, we 
can distinguish between such as contain a particle of 
water and those which lie between the particles. Now, 
the small masses of water, whose isolation we here as- 
3 what Avogadro calls molecules, and, follow- 
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Fig. 2. 



ing his authority, we shall designate them hereafter ex- 
clusively by this word. 

The rude diagrams before you will help me to make 
clear the difference between the two suppositions I 
have made. In the first (Fig. 1), we assume that the 
material of this cubic inch is uniformly expanded 
through the cubic foot. In the other (Fig. 2), we have 
in both volumes a definite number of molecules, the 
only difference being that these dots, which we have 
used to represent the molecules, are more widely separa- 
ted in the one case than in the other. Now, which of 
these suppositions is the more probable ? Let us sub- 
mit the question to the test of experiment. 

We have here a glass globe, provided with the nec- 
essary mountings — a stop-cock, a pressure-gauge, and a 
thermometer — and which we will assume has a capacity 
of one cubic foot. Into this globe we will first pour one 
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r, and, m order to reduce the condi- 
lest possible, we will connect the 
globe ■with our air-pnmp, and exhaust the air, al- 
though, as it will Boon appear, this is not necessary for * 
the succeea of our experiment. Exposing, nest, the 
globe to the temperature of boiling water, nil the 
liquid will evaporate, and we shall have our vessel 
filled with ordinary steam. If, now, that cubic foot of 
Bpace is really packed close with the material we call 
water — if there is no break in the continuity of the 
aqueous mass — we should expect that the vapor would 
fill the space, to the exclusion of every thing else, or, 
at least, would fill it with a certain degree of energy 
which must be overcome before any other vapor could 
be forced in. Now, what is the case ? The stop-cock 
of the globe is so arranged that we can introduce into 
it an additional quantity of any liquid on which we 
desire to experiment, without othenviso opening the 
Teasel. If, then, by this means, we add more water, the 
additional quantity thus added wilt not evaporate, jjro- 
vidcd that the temperature remains at the boiling-point. 
Let OS next, however, add a quantity of alcohol, and 
what do we find ? Why, not only that this immedi- 
ately evaporates, but we find that just as much alcohol- 
vapor will form as if no steam were present. The 
presence of the eteam docs not interfere in the least 
degree with the expansion of liquid alcohol into alco- 
hol-vapor. The only difference which we observe is, 
that the alcohol expands more slowly into the aque- 
008 vapor than it would into a vacuum. If, now that 
the globe is filled with aqueous vapor and alcohol- 
vapor at one and the same time, each acting, in all re- 
spects, as if it occupied the space alone, we add a quan- 
tity of ether, we shall have the same phenomena re- 
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peated. The ether will expand and fill the spaoe^ 
with its vapor, and the globe will hold juat as roucli 
ether-vapor as if neither of the other two were present ; 
and BO we might go on, as far as we know, indefinitely. 
There is not here a chemical union between the sev- 
eral vapors, and we cannot in anj sense regard the 
space as filled with a compound of the three. It con- 
tains all three at the same time, each acting as if it 
were the sole occupant of the space ; and that this is 
the real condition of things we have the most unques- 
tionable evidence. 

You know, for example, that a vapor or gaa exerts 
a cei-tain very considerable pressure against the walls 
of the containing vessel. Now, each of these vapors 
exerts its own pressure, and just the same pressure as 
if it occupied the space alone, so that the total pressure 
is exactly the sum of the three partial pressures. 

Evidently, then, no vapor completely fills the space 
which it occupies, although equally distributed through 
it ; and we can give no satisfactory explanation of the 
phenomena of evaporation except on the assumption 
that each substance is an aggregate of particles, or units, 
which, by the action of heat, become widely separated 
fi'om each other, leaving very large intermolecular 
spaces, within which the particles of an almost indefi- 
nite number of other vapors may find place. Pass 
cow to another class of facts, illustrating the same point. 

The three liquids, water, alcohol, and ether, are ex- 
panded by heat like other forms of matter, but there is 
a striking circumstance connected with these phenom- 
ena, to which I wish to direct your observation, I have, 
therefore, filled three perfectly similar thermometer- 
bulb tubes, each with one of those liquids. The tubes 
are mounted in a glass cell standing before the con- 
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denser of a magic lantern, and you see their images 
projected on the screen. Yon also notice that the 
liquids (which have been colored to make them visiblQ) 
all Btand at the Bame height ; and, eince both the 
bulbs and the tubes are of the same dimcnaions, the 
relative change in volume of the inclosed liquids will 
be indicated by the rise or fall of the liquid columns in 
the tubes. We will now fill the cell with warm water, 
and notice that, as soon as the heat begins to penetrate 
the liquids, the three columns begin to rise, indicating 
an increase of volume ; but notice how unequal ia the 
expansion. The ether in the right-hand tube expands 
more than the alcohol in the centre, and that again far 
more than the water on the left. What is true of 
these three liquids Ib true in general of all liquids. 
Each has its own rate of expansion, and the amount in 
any case does not appear to depend on any peculiar 
physical state or condition of the liqnid, but is con- 
nected with the nature of the substance, although, in 
what way, we are as yet wholly ignorant. 

But you may ask: What is there remarkable in 
thisi Why should we not expect that the rate of ex- 
pansion would differ with different substances? Cer- 
tainly, there is no reason to be surprised at such a fact. 
But, then, the remarkable circurastanee connected with 
this class of phenomena has yet to be stated. 

Baise the temperature of these liquids to a point a 
little above that of boiling water, and we shall convert 
all three substances into vapor. We thns obtain three 
gases, and, on heating these aeriform bodies to a still 
higher temperature, we shall find that, in this new con- 
dition, they expand far more rapidly tlian in the liquid 
etate. But we shall also find that the influence of the 
iture of the substance on the phenomenon has wholly 
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(liHa[)peared, an{l that, in the aeriform condition, tlieaej 

iiii)iHl.aticoM, unil in geuuritl nil Bubstances, expand at thn 
i iiiuii ruto uiuler liku conditions. 

Why, now, thla difference between the two etatesl 
(if innttur ( If tho niutoriiil fills space as completely in 
tho ttliriform &» it does in the liquid condition, then we 
(surniot conceive why tho nature of the substance should 
not lillvti thu BUnio iniluence on the phenomena of ex- 
IiAtinliiii in both casoH. If, however, matter is an ag- 
tfi'OK'^lu of dotiuito small masses or molecules, which, 
Whilucdiiipiirutivoly dose together in the liquid state, 
boinjEiio wUbly eoparflted when the liquids are con- 
vortdd into vapor, then it is obvious that the action of 
tijii iiflrliiiloa ou each other, which might be conaider- 
ahle in the first Btate, would become less and less as 
tho molecules wore separated, until at last it waa inap- 
preciable ; and if, further, as Avogadro's law assumes, 
the number of these particles in a given space is the 
same for all gases under the same conditions, then it is 
equally obvious that, there being no action between 
the particles, all vapors may be regarded as aggregates 
of the same number of isolated particles similarly 
placed, and we should expect that the action of heat 
on such similar masses would be the same. 

Thus these phenomena of beat almost force upon 
us the conviction that the variona forms of matter we 
Bee around us do not completely fill the spaces which 
they appear to occupy, but consist of isolated particles 
separated by comparatively wide intervals. There are 
many other facts which might be cited iu support of 
tho Hanie conclusion ; and among these two, which are 
uioro eBpeeially worthy of your attention, because they 
aid ua in forming some conception of the size of the 
molocules thomselves. 
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If this mass of glass is perfectly homogeneous — if 

vitreous Bubatance eompletelj fills its allotted space, 
and there is no break whatever in the continuity of 
the material — then you would expect that its physical 
relations would not depend at all on the size of the 
surface affected. Suppose you wished to penetrate it 
with a fine wire. The point of this wire, however 
small, would not detect any difference at different 
points of the surface. Assume, however, that it con- 
sists of masses separated by spaces, like, for example, 
this slieet of wu'e netting. Then, although the surface 
would seem perfectly homogeneous to a bar large 
enough to cover a number of meshes, it would not be 
found to be by any means homogeneous to a wire 
which was small enough to penetrate the meshes. If, 
now, there are similar interstices in this mass of glass, 
we should expect that, if our wire were small enough 
(that is, of dimensions corresponding to the interstices), 
it would detect differences in the resistance at different 
points of this glass surface. 

Make, now, a further supposition. Assume that 
we have a number of these wires of different sizes, the 
largest being twice as stout as the smallest. It is ob- 
vious that, if the interstices we have assumed were, say, 
several thousand times larger than the largest wire, all 
the wires would meet with essentially the same oppo- 
sition when thrust at the glass. If, however, the inter- 
stices were only four or five times larger than the wires, 
then the larger would encounter much greater resist- 
ance from the edges of the meshes than the smaller. 

It is unnecessary to say that no physical point can 
detect an inequality in the surface of a plate of glass, 
hut we have, in what we call a beam of light, an agent 
which, in passing through its mass, does discover differ- 
of the kind we have attempted to describe. Now, it 
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is perfectly true that we Lave no absolute knowledge 
of the nature of a beam of light. We have a very 
plausible theory that the phenomena of light are the 
effects of waves transmitted through a highly-elastic 
medium we call ether, and that, in the case of our plate 
of glass, the motion is transmitted through the ether, 
which tills the interstices between the molecules of this 
tmnsparcnt solid; but we have no right to assume this 
theory in our present discussion. 

Indeed, I cannot agree with those who regard the 
wave-theory of light as an established principle of 
science. That it is a theory of the very highest value 
I freely admit, and that it has been able to predict the 
phases of unknown phenomenaj wliich experiment haa 
subsequently brought to light, is a well-known fact. 
All this is true ; but then, on the other side, the theory 
requires a combination of qnalities in the ether of space, 
which I find it difBcult to believe are actually realized. 
For instance, the rapidity with which wave-motion is 
transmitted depends, other things being equal, on the 
elasticity of the medium. Assuming that two media 
have the same density, their elasticities are proportional 
to the squares of the velocities with which a wave trav- 
els. The velocity of the sound-wave in air is about 
1,100 feet a second or | of a mile, that of the light- 
wave about 192,000 miles a second, or about one million 
times greater; and, if we take into account certain 
causes, which, though they tend to increase the velocity 
of sound, can have no effect on the luminiferoua ether, 
the difference would be even greater than this. 

Now, were the density of the ether as great as that 
of the atmosphere (say J of a grain to the cubic inch), 
its elasticity or power of resisting pressure would be a 
million square, or a million million times that of ^g. 
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i. But, as you well know, the atmoHpliere 
resist a presBurc of about fifteen pounds to the square 

ich ; hence the ether, when equally dense, would re- 
pressure of fifteen million million pounds to the 
equare inch, or, making the correction referred to 
above, seventeen million million pounds to the square 
inch. Of course, such numbers convey no impression, 
except that of vast magnitude ; and you will obtain a 
dearer idea of the power -when I tell you that this 
pressure is about the weight of a cubic mile of granite 
rock. Here is a glass cylinder filled with air, and here 
a piston which jnst fits it. The area of the piston is 
about a square inch — we will assume that it is exactly 
that. If we put a weight of fifteen pounds on the top 
of the piston, it will descend just half-way in the tube, 
and the air will be condensed to twice its normal 
density. Now, if we had a cylinder and piston, ether- 
tight as this is air-tight, and of sufficient strength, and, 
if we put on top of it a cubic mile of granite rock, it 
would only condense the ether to about the same den- 
sity as that of the atmosphere at the surface of the 
earth. Of course, the suppoeition is an absurdity, for 
it is assumed that the ether pervades the densest solids 
as readily as water does a sponge, and could not, there- 
fore, bo confined ; but the illustration will give you an 
idea of the nature of the medium which the undulatory 
theory assumes. It is a medium so thin that the earth, 
moving in its orbit 1,100 miles a minute, Enffers no per- 
ceptible retardation, and yet endowed with an elasticity 
in proportion to its density a million million times 
greater than air. 

Whether, however, there are such tilings as waves 
of ether or not, there is something concerned in the 

lenomena of light wliich has definite dimensions, that 
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have been measured with ae much accuracy as the di- 
meusions of astronomy, although they are at the oppo- 
site extreme of the scale of magnitude. We repreeent 
these dimensions to our imagination as wave-lengths, 
that iSj as the distances from crest to crest of our as- 
sumed ether-waves, and we shall tind it difficult to 
tiiink clearly upon the subject without the aid of this 
wave-theory, and every student of physics will hear me 
out in the statement that, though our theory may be a 
phantom of oui- scientific dreaming, these magnitudes 
must be the dimensions of something. Here they arej^i 

Dimensions of IdghUsaves. ^H 
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43,000 
44,000 
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64,000 
67,000 


477.000,000,000,000 
606,000,000,000,000 
636,000,000,000,000 
677,000,000,000,000 
623,000,000,000,000 
668,000,000,000,000 
699,000,000,000,000 
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Tou know that the sensation we call white light is 
a very complex phenomenon, and is produced by rays 
of all colors acting simultaneously on the eye. A very 
pretty experiment will illustrate this point. I have 
projected on the screen the image of a circular disk 
made of sectors of gelatiue-paper, variously colored. 
By means of a very simple apparatus, I can revolve the 
disk, and thus cause the several colors to succeed each 
other at the same point with great rapidity, and you 
notice that the confused effect of the different colors 
produces the impression you call white, or, at least,^^ 
nearly that. ^^ 

The sunbeam produces the same imftfissvcTi, "t^^H 
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Banse it contains all these colored rays ; and, if we pass 
it through a prism, the several rays, being bent nn- 
equatlj by the glass, diverge on emerging, so that, if 
we receive the beam thua divided on a screen placed at 
a sufficient distance, we obtain that magnificent band 
of blending buea we call the solar spectrum. 

To each of the colored rajs which fall along the 
line of the spectrum corresponda a, definite wave- 
length. In the diagram, we have given the wave- 
lengths, corresponding to only a few selected points, 
one in each color, and marked in the solar spectrum 
itself by certain remarkable dark lines by which it 
is crossed. These values always create a smile with 
a popular audience, which makes it evident that, by 
those unfamiliar with the subject, they are loolted upon 
as unreal if not absurd. But this is a prejudice. In 
our universe the very small is as real as the very 
great ; and if science in astronomy can measure dis- 
tances so great that this same swift messenger, light, 
_ traveling 193,000 miles a second, requires years to 
I cross thera, we need not be surprised that, at the other 
end of the scale, it can measure magnitudes like thesa 
Let not, then, these numbers impair your confidence 
in our results ; but remember that the microscope re- 
veals a universe with dimensions of the same order of 
magnitude. Moreover, the magnitudes with which we 
are here dealing are not beyond the limits of mechani- 
cal skill. It is possible to rule lines on a plate of glass 
flo close together that the bands of fine lines thus ob- 
tained cannot be resolved even by the most powerful 
microscopes; and I am informed that the German opti- 
^an, Nobert, has ruled banda containing about 224,000 
ines to the inch. He regnlai-ly makes plates with 
tnds consisting of from about 11,000 to 112,000 lines 



!8 MOLEOtJLES AND AVOQADRO'S LAW". 

to the inch. These bands are nnmbered from the id 
to tho 19th, and are used for mieroBcopic teats, 1 am 
indebted to our friend Mr. Stodder ibr the opportu- 
nity of exhibiting to jou a beautiful photograph of the 
19th band, containing over 112,000 lines to the inch 
(Fig. 3). The photograph waa made with one of Tolles's 




microBcopos, and any microscopist will tell yon that to 
resolve this band is a great triumph of art, and that 
you could have no better evidence of the ebill of onr 
eminent optician than this photograph affords. In 
projecting the image on the Ecreen, some of the shiirp- 
ness is lost, but I think the separate lines of the band 
muBt be distinctly visible to all who are not too far off. 
Now, the diBtanee between the linea on the original 
plate is not very different from one-half of the mean 
length of a wave of violet light, or one-third of a wavo- 
longth of red light ; and, what is still more to the pur- 
pose, these very bands give ua the means of measuring 
the dimensions of the waves of light themselves. Evi- 
dently, then, the dimensions with which we are dealing 
are not only conceivable, but wholly within the range 
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of OUT peroeptions, aided aa they have been hy the ap- 
pliances of modem science. 

But, to return to my argument: these values, if 
they are not wave-lengths, are real magnitudes, which 
differ from each other in size just as the above meaanre- 
menta show. Moreover, we have reason to believe that 
the various color-giving rays differ in nothing else, and 
it is certain from aBtronomlcal evidence that they all 
pass through the celestial spaces with the same velocity. 
Now, when a beam of light enters a mass of glass, not 
only does its velocity diminish, but, what is more re- 
markable, the different rays assume at once different 
velocities, and, according to the well-known prineiplea 
of wave-motion, the unequal bending that results is 
the necessary effect of the unequal change in velocity 
which the rays experience. But, if the material of the 
glass were perfectly homogeneous throughout, it is im- 
possible to conceive, eitlier on the wave theory or any 
other theory of light we have been able to form, how 
a mere difference in size in what we now call the 
luminous waves should determine this unequal velocity 
with the accompanying difference of refrangibility, and 
the fact that sneb a difference is produced is thought 
by many to be strong evidence that there is not an ab- 
solute continuity in the material ; in fine, that there are 
interstices in the glass, although they are so small that 
it requires the tenuity of a ray of light to detect them. 

Still we cannot make oar conceptions the measure 
of the resources of Nature, and T, therefore, do not 
'attach much value to this additional evidence of the 
molecular structure of matter. But the importance of 
these optical phenomena lies in this, that, assuming 
the other evidence sufficient, they give ns a rough 
measure of the size of the molecules. For, as is evident 
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from oiir illnstration with the wire meBhes, the size of 
the molecular spaces cannot be very different from that 
of the waves of light. Our diagram showe that the red 
waves are only half b8 long again as the violet, and if 
the molecular spaces were, say, either ten thoasand 
times larger or ten thousand times smaller than the 
mean length, the glass could produce no appreciable 
difference of effect on the different colored rays. We 
are thus led to the result that, if the glass ia an aggre- 
gate of molecules, the magnitude of these molecules' ia 
not very different from the mean length of a wave of 
hght. Accepting the undulatoiy theory of light, wo 
can submit the question, as Sir William Thompson has 
done, to mathematical calculation ; and the result is that, 
though the effects of dispersion could not be produced 
unless the size of the molecules were far less than that of 
the wave-lengths, yet it is not probable that the size ia 
less than say TnRr.5-U.1nnr o*" ^^ i^^ch. 

Before closing the lecture, allow mo to dwell, for a 
few moments, on the second of the two classes of facta 
for which I have already bespoken your attention, since 
they confirm the results we have just reached, in a most 
remarkable manner. Every one has blown soap-bub- 
bles, and is famihar with the gorgeous hues which they 
display. Many of you have doubtless heard that blow- 
ing soap-bubbles may be made more than a pleasant 
pastime, and I will endeavor to show how it can be 
made a philosophical experiment, capable of teaching 
some very wonderful truths. It is almost impossible 
to show the phenomena to which I refer to a large 
audience, and I cannot, therefore, feel any confidence 
in the success of the experiment which I am about to 
try ; but I will show how you can all make the experi- 
'Thomoan distanoa butwcon the cunlrija of ooutiguoua molecules. 
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ment for yourselves. And, first, I mnst tell you how 
to prepare the aoap-anda. 

Procure a quart-bottle of clear glass and some of the 
best white caatile-soap (or, still better, pure palm-oil 
soap). Cut the soap (about four ounces) into thin shav- 
ings, and, having put them into the bottle, fill this up 
with distilled or rain-water, and shake it well together. 
Eepeat the shaking until you get a saturated solution 
of soap. If, on standing, the solation settles perfectly 
clear, you are prepared for the next step; if not, pour 
off the liquid and add more water to the same shav- 
ings, shaking as before. The second trial will hardly 
fail to give yon a clear solution. Then add to two 
Tolumes of soap-solution one volume of pure, con- 
centrated glycerine, 

Those who are near can see what grand soap-bubbles 
we can blow with this preparation. The magnificent 
colors which are seen playing on this thin film of water 
are caused by what we call the interference of light. The 
color at any one point depends on the thickness of the 
film, and by varying the conditions we can show that 
this is the case, and make these effects of color more 
regular. For this purpose I will pour a little of the 
8oap-solution into a shallow dish, and dip into it the 
open mouth of a common tumbler. By gently raising 
the tumbler it is easy to bring away a thin film of 
the liquid covering the month of the glass. You can 
all easily make the experiment, and study at your lei- 
sure the beautiful phenomena which this film presents. 
To exhibit them to a large audience is more difficult, 
but I hope to succeed by placing the tumbler before 
the lantern in such a position that the beam of light 
will be reflected by the film upon the screen, and then, 
on interposing a lens, we have at once a distinct imaj 
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of the film. Success now depends on our keeping 
perfectly etill, ae the sligliteet jar would be sufficient , 
to break tliis wonderfully delicate liquid membrane. 
Seel the same brilliant hues which give to the soap- ' 
bubble its beauty arc bcginniog to appear on our film, 
but notice that they appear in regular bands, crossing 
the film horizontally. As I have already stated, the 
color at any point depends on the thickneaa of the 
film, and, as it ia here held in a vertical position, it is 
evident that the eiTect of gravity must be to stretch 
the liquid membrane, constantly thinning it out, be- 
ginning from the upper end — whicli, however, it must 
be remembered, appears on the screen at the lower end, 
since the lens inverts the image — and notice that, 
the film becomes thinner and thinner, these bands 
of color which correspond to a definite thickness move 
downward, and are succeeded by others corresponding 
to a thinner condition of the film, which give place 
to still others in their turn. These colors arc not | 
pure colors, but the efi'ect is produced by the over- 
lapping of very many colored bands, and, in order to 
reduce the conditions to the simplest possible, we must \ 
use pure colored light — monochromatic light, aa we l 
call it. Such a light can be produced by placing a 
plate of red glass (colored by copper) in front of the 
lantern. At once all the particolors vanish and we 
have merely alternate red and dark bands. Watch, 
now, tho bands aa they chase each other, as it were, 
over the film, and notice that already new bands cease 
to appear, and that a uniform light tint has spread over 
the upper half {lower in the image) of tlie surface. 
Now comes the critical point of our experiment. If 
the film is in the right condition so that it can be 
etched to a sufficient degree of tenuity, this light 
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tint will be Bncreedod by a gray tint, .... and there 
it appears in irregular patclies at the upper border. But 
in an instant all has vanished, for the film has broken, 
as it always breats, soon after the gray tint appears. 




I 



Fis. 1.— Bunds on Soap-fllm. 



Having now seen the phenomena, yon will be bet- 
ter prepared to appreciate the strength of the ar- 
gument to which I now have to ask your careful 
attention. You know that the red and dark bands 
seen in the last experiment, when we need the red 
glass, are cansed by the interference of the rays of 
light, which are reflected from the opposite Borfaces 
of the film. It is evident that the pnth of the rays re- 
from the back surface mnst he longer than that 
of those reflected from the front surface by just twice 
the thickness of this film of water ; and, as Prof. 
Tyndall has bo beautifully shown yon in the course of 
lectures just finished, whenever this difference of path 
brings the crests of the waves of one set of rays over 
the troughs of the second set, we obtain this won- 
derfnl result — that the union of the two beams of light 
produces darknesB. It would, at first sight, seem that 



I avoqadro's law. 

Buch a result muBt be produced in the case of our 
film whenever its tbieknees is equal to i, J, f , J, or any i 
odd niimber of fourths of the length of a wave of red 
light, and thia would be the ease were it not for the I 
drcnmstanee that, in consequence of certain mechani- 
cal conditions, the rays of light reflected from the back 
of the film lose one-half of a wave-length in the very 
act of reflection. But, without entering into detaiia, 
which have been bo recently and so beautifully illus- I 
trated in this place, let me call your attention to tliia I 
diagram, which tells the whole story : 
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You tliiiB 6C6 that the theory of light 
meaaiire the thickness of the film, and we know that 
where that gray tint appeared in our experiment the 
thickness of the film was less than ^ of the length of 
a wave of red light, or less than ^s^' ^ aja of an inch, and 
no wonder that the film broke when it reached such a 
degree of tenuity as that. 

But, having followed me thus far, and being assured, 
OB I hope you are, that we are on safe ground, and talking 
about what we do Imow, your curiosity will lead you 
to inquire whether we can stretch the film any farther. 

The facts are that, after the appearance of the gray 
tint, although the tilm evidently stretches to a limited 
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^Bstent, it very soon breafes. Practically, then, we can- 
^^fiot Btretdi it beyond this point to sny great extent; 
but why not ? Theoretically, if the material of water 
ie perfectly bomogeneouB, there would seeni to be no 
good reason why it should not be capable of an in- 
definite extension, and why this film could not be 
stretched to an indefinite degree of attenuation. Ab- 
Bume, however, that water consists of molecules of a 
definite size, then it is evident that a limit would be 
reached as soon as the thiekneES of the film was re- 
duced to the diameter of a single molecule. Obvi- 
ously we could not stretch the film beyond this with- 
out increasing the distance between the molecules, and 
thus increasing the total volume of the water. Now, 
there is evidence that, when the gray tint appears, 
we are approaching a limit of this sort. It is hardly 
necessary to say that we cannot separate, to any con- 
siderable extent, the molecules of water from each 
other — that is, increase the distance between them — 
■without changing the liquid into a gas, or, in other 
words, converting the water into steam, and the only 
way in which we can produce this effect is by the 
application of heat. The force required is enormous, 
but the force exerted by heat is adequate to the work, 
and it is one of the triumphs of our modem science 
that we have been able to measure this force, and re- 
duce it to our mechanical standard. In order to pull 
apart the molecules of a pound of water, that is, con- 

Eert it into steam, we must exert a mechanical power 
'hich is the equivalent of 822,600 foot-pounds, that 
I, ft power which wonld raise nearly four tons to the 
Height of one hundred feet, and, as we can readily esti- 
mate the weight of say one square-inch of our film, we 
know the force which would be required to pull apart 
s molecules of which it consists. 



Again, on the other hand, eingiilar as it may seem, 
we have been able to ealc^ilate the force ■whieli ib re- 
quired to stretch the film of water. This calculation is 
baaed on the theory of capillary action, of which the 
Boap-buhble is an ejtample. Moreover, to a certain 
limit, we are nble to measure experimentally the force 
required to stretch the film, and we find that, aa far as 
our experiments go, the theory and the experiments 
agree. Our experiments necessarily stop long before 
wc reach the limit of the gray film ; but our theory is 
not thus limited, and we can readily calculate how 
great a force would be required to stretch the film 
until the thickneea was reduced to the -g-j-j^-jj^Tr j-jj-j of an 
inch; that is, the juijTi-of the thickness of the light film, 
or the YE.ihro "f ^ wave-length. Now, the force required 
to do this work is as great as that required to pull 
apart the molecules of the water and convert the liquid 
into vapor. It is therefore probable that, before such a 
degree of tenuity can be attained, a point would be 
reached where the film had the thickness of a single 
molecule, and that, in stretching it further, we should 
not reduce its thickness, but merely draw the molecules 
apart, and, thas overcoming the cohesion which deter- 
mines its liquid condition, and gives strength to the 
film, convert the liquid into a gas. 

There are many other physical phenomena which 
point to a similar limit, and, unless there is some fal- 
lacy in our reasoning, this limit would be reached at 
about the inro.ir^iFTO" **f '*'' inch. Moreover, it is wor- 
thy of notice that all these phenomena point to very 
nearly the same limit, I have great pleasure in refer- 
ring yon, in this connection, to a very remarkable pa- 
per of Sir William Thompson, of Glasgow, on this sub- 
ject, which, appearing first in the English ecientifia 
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Mfeekly called Mature, was reprinted in SiUiman^a 
.Tournal of July, 1870. He fixes the limits at between 
^^^ i fS a . flifl . fl - flT and the ^j^^^.,^^ of an inch, and, in 
order to give some conception of the degree of coarae- 
grainedness (as be calls it) thus indicated by the Btruct- 
nre, he adds that, if we conceive a sphere of water ss 
large as a pea to he magnified to the size of the earth, 
each molecule being magnified to the same extent, the 
magnified structure would be coarser-grained than a 
beap of small lead shot, but less coarse-grained than a 
heap of cricket-balls. 

These considerations will, I hope, help to show yon 
bow definite the idea of the molecule has become in the 
mind of the physicist. It is no longer a metaphysical 
abstraction, but a reality, about whidi he reasons as 
confidently and asBuccessfullyashe doesabout the plan- 
ets. He no longer connects with this term the ideas 
of infinite hardness, absolute rigidity, and other in- 
credible assumptions, which have brought the idea of a 
limited divisibility into disrepute. His molecules are 
definite masses of matter, exceedingly small, but still 
not immeasurable, and they are the points of applica- 
tion to which he traces the action of the forces with 
which he has to deal. These molecnles are to the physi- 
cist real magnitudes, which are no tiirther removed 
from our ordinary experience on the oue side, than are 
the magnitudes of astronomy on the other. In regard 
to their properties and relations, we have certain defi- 
nite knowledge, and there we rest until more knowledge 
is reached. The old metaphysical question in regard to 
the infinite divisibility of matter, which was such a sub- 
ject of controversy in the last century, has nothing to do 
with the present conception. Were we small enough 
to bo able to grasp the molecules, we miglit be able to 



38 MOLBCULEB Amt AYOOADRO'S LAW. 

split them, and bo, were we large enoogh, we might be 
able to crack the earth ; but we have made sufficient 
advance since the days of the old controversy to know 
that questions of this sort, in the present state of knowl- 
edge, are both irrelevant and absurd. The molecules 
are to the phyaicist definite units, in the same sense 
that the planets are units to the astronomer. The ge- 
ologist tears the earth to pieces, and so does the chem- 
ist deal with the molecules, but to the astronomer the 
earth is a unit, and so is the molecule to the physicist. 
The word molecule, which means simply a small mass 
of matter, expresses our modern conception far better 
than the old word atom, which ia derived from the 
Greek a, privative, and riiiva}, and means, therefore, in- 
divisible. In the paper just referred to, Sir "W. Thomp- 
son used the word atom in the sense of molecule, and 
this must be borne in mind in reading his article. We 
shall give to the word atom an utterly different signifi- 
cation, which we mast be careful not to confound with 
that of molecule. In our modem chemistry, the two 
terms stand for wholly different ideas, and, as we shall 
see, the atom is the unit of the chemist in the same 
sense that the molecule is the unit of the physicist. 
But we will not anticipate. It is sufficient for the pres- 
ent if wo have gained a clear conception of what the 
word molecule means, and I have dwelt thus at length 
on the definition because I am anxious to give yon the 
same clear conviction of their existence which I have 
myself. As I have said before, they are to me just aa 
much real magnitudes as the planets, or, to use the 
words of Thompson, " pieces of matter of measurable 
dimensions, with shape, motion, and laws of actioUj 
telligible subjects of scientific investigatior 
' Bte Lecture ba Molecules, b; Fro£ Maswell, Ik'aturt, Sept SE, II 
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MOLEGITLAE CONDITION OF THE THBEE STATES 07 
MArrBE — THE GAB, THE LIQUID, AND THE SOLID, 



In my first lecture I endeavored to give yon eomc 
conception of the meaning of the word molecule, and this 
meaning I illustrated by a number of phenomena, which 
not only indicate that molecules are real raagnitndeB, 
bat wbicli also give ub some idea of their absolute size. 

Avogadro's law declares that all gases contain, un- 
der like conditions of temperature and pressure, the 
same number of molecules in the same volnme ; and, 
if we can rely on the calculations of Thompson, which 
are based on the well-known theorem of molecular me- 
chanics deduced by Clausius, this number is about one 
hondred thousand million million million, or 1{P to a 
cubic inch. Of course, as the volume of a given quan- 
tity of gas varies with its temperature and pressure, the 
number of molecules contained in a given volume must 
vary in the same way; and the above calculation is 
baeed on the assumption that the temperature ia at the 
freezing-point, and the pressure of the air, as indicated 
by the barometer, thirty inches. The law only holds, 
moreover, when the substances are in the condition of 
perfect gases. It dues not apply to sohds or liquids, 
and not even to that half-way state between liquids and 
ffllOii which Dr. Andrews has recently eo admirably 



TEE THBEE STATES OF HATTER. 

defined. In the state of perfect gas, it is assumed that 
the moleculeB are bo widely separated that thcj exert 
no aetiun upon each other, but the moment the gas is 
6o far condensed that the molecules are brought within 
the sphere of their mutual attraction, then, although the 
aeriform etate is still retained, we no longer find that 
the law rigidly holds; ajid 
when, by the condensation, 
the state of the Buhstance is 
changed to that of a liquid 
or a solid, aU traces of the 
law disappear. In order 
that you may gain a clear 
conception of this relation, 
I shall ask your attention in 
this lecture to the explana- 
tion which our molecular 
theory gives of the char- 
acteristic properties of the 
three conditions of matter, 
the gas, the liquid, and the 
solid. We begin with the 
gas, because its mechanical 
condition is, theoretically at 
least, hy far the simplest of 
the three. 

Every one of my audi- 
ence mnst he familiar with 
the fact that every gas is in 
a state of constant tension, 
tending to expand indefi- 
nitely into space. In the 
this tension is so great that the 
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fourteen and fifteen ponnds on every sqnare inch of 
Eurface — abont a ton on a square foot. 

It is this pressure which sustaina the coliimTi of 
mercury in the tube of a barometer (Fig. 5) ; and since, 
by the laws of hydrostatics, the height of this column 
of mercury depends on the pressure of the air, rising 
and falling in the same proportion as the pressure in- 
creases or diminishes, we nse the barometer as a meas- 
nre of the pressure, and, instead of estiiii.iting its amount 
as Eo many pounds to tlie equure inch, we more fre- 
quently describe it by the height in inches (or centi- 
metres) of the mercury-column, which it is capable of 
astaining in the tube of a barometer. The tcneion of 
7 is balanced by the force of gravitation, in con- 
iquence of which the lower stratum of the air in which 
ffe live is pressed upon by the whole wciglit of the bu- 
perincnmbent mass. The moment, however, the ex- 
ternal pressure is relieved, the peculiar mechanical con- 
dition of the gas becomes evident. 

Hanging under this largo glass receiver is a small 
rubber bag (a common toy balloon), partially dis- 
tended with air (Fig. 6). The air confined within the 
bag is exerting the great tension of which I have spo- 
ken, but the mass remains quiescent, because this ten- 
sion is exactly balanced by the pressure of the atmos- 
phere on the exterior surface of the bag. Tou see, how- 
ever, that, as we remove, by means of this air-pump, 
the air from the receiver, and thus relieve the externa) 
pressure, the bag slowly expands, until it almost com- 
pletely fills the bell. There can, then, be no doubt that 
there exists within this mass of gas a great amount of 
&iergy, and since this energy exactly balances the at- 
mospheric pressure, it must be equal to that pressure. 

But I wish to show you more than this, for not only 
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is it tnie that thebngcxpanda us the presBnre is relieved, 
bat it is also trno that the gas in the bag expands iu 
ozactlj tlie BSine proportion as the external pressure 
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dlmtniitliOH. In order to prove this, I will now place 
liiidiip tills Ettino glass one of those small gaeoraeterB, 
wlilt'll flro HHod by the itiuerant showmen in our streets 
I'dP iiioiiBiiring what they call the volume of tbe longs, 
wlilld under this tall hell at the side I have arranged a 
biirniiiotcr-tubo for moaauring the external pressnre. 
'Miu two rccoivors are connected together by rubber 
liiiao, so AS to form ossontially ooe vessel, and both are 
CMtimortod with tlio air-pump. 

Wn will begin by blowing air into the gasometer 

lUilill Ihu Mi'ulo inarlcs 100 cubic inches, and, noticing 

littt'r adjimtiiitf tho apparatus tlint the barometer Etauds 

fill liinhi'M, wo will tiow proceed to exhaust the air, at 

Itii Bllliio Hum ('ruefully watching tho barometer. . . . 

now tUlloti to lA luobes ; that is, tho pi^enre on 
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the oataide of the gasometer has been rcdnced to one- 
half, and the scale of the iuetrunieiit &hows me that the 
volame of the !ur in the interior has become 200 cable . 
inches ; that is, baa donbled. Bnt let ns contione the 
exhauBtioo. . . . The barometer now marks 10 inches, 
Ehowing that the pressure has been reduced to one- 
third. The gasometer now contains 300 cnbic inches 
of gas. The volnme, then, has trebled, . . . Pushiog 
the experiment still fhrther, we have now the barome- 
ter standiDg at ~i inches, and the scale of the gasome- 
ter shows that the volume of tbe inclosed air has be- 
come 400 cnbic incheB. The pressnre has been reduced 
to one-foorth, and the volume of the air has quadrupled ; 
and so we might go on. . . . Let, now, the atmosphere 
reenter the apparatus, and at once the air in the gas- 
ometer sbrinltB to its original volume, while the barome- 
ter goes back to 30 inches. 

We might nest take a condeneing-pnmp, and, ar- 
ranging om- apparatus so as to resist the ever-increasing 
pressure, as the air was forced into the receivers, we 
should find that, when the barometer marked 60 inches, 
the scale of the gasometer would show 50 cubic inches, 
and that, when the mercury column had risen to 120 
ichee, the air in the gasometer would have shrunk to 
25 cubic inches ; find so on. There are, however, ob- 
vious mechanical difficulties, which make this phase of 
the experiment unsuitable for a large lecture-room, and 
what we have seen is sufficient to illustrate the general 
principle which I wished to enforce. The principle, 
in a few words, is this ; 

The voluTue of a oorijmed Tiiaaa of gas is mverael/y pro- 
portumal to the pressure to which it is (otposed: the 
tmaUer the pressure the larger the volume, and t/ie 
yreat^ thejpreasure the less the volume. 
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This principle holds true not only with air, birt 
also with every kind of aeriform matter. If, tDBtead 
i>f ueing that mixture of oxygen and nitrogen we call 
air, we had introduced into the gasometer 100 cnbic 
iiitjie« wf pure oxygen or of pure nitrogen, or of any 
other true gae, we ahould have obtained precisely the 
Bame effect. The resolts of the experiment are not in 
tlie leaet degree influenced by the nature of the gas 
euiployed ; and, assuming that we etitrt with the Bame 
gae-vuliuiiea, the resnlting volumes are the same at each 
stage of the experiment. In every case the volume 
varies invereely as the pressure. The principle thus 
develO]>ed is one of the most important laws of physical 
ecience. It was discovered by the chemist Boyle in 
England iri 1062, and verified by the Abbe Mariotte 
ill France somewhat later, and is by some called the 
law of Mariotte, and by others the law of Boyle. 

It ia always important to look at the phenomena of 
Nature from different sides, for otherwise we shall bo 
liable to mistake their true relations when we see them 
uuJor unusual aspects. So, in order that we may the 
niorii fully eoniprchoud the bearing of the law of Mari- 
otte on tliQ philosophy of chemistry, it will be well for 
na to study this important principle from a point of 
view somewhat dilloront from that we have just pre- 
sented. 

Both in t1io rubber bog and in the small gasometer 
we experimented with the constant quantity of gas 
which Wo at first introduced, and we measured its vary- 
ing volume with the changing pressure. But more 
frequently wo have to deal with a constant vdume of 
gas, and to consider what quantity of gas — raeasnred by 
ita lyeight — a given vessel holds under differeut press- 
area. Here is a sti-ong ooppor reservoir holding, we 
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II aastime, a cubic foot of gas, and, excepting the very 
fluctnations caused by variations of temperature, 
this volume is constant. Connected with the reservoir 
a presaure-gange similar to those you may see on any 
ico-boilev, and by tliis we can measure the tension 
the confined gas. By means of tliis pump wc can 
force air or any other gas into the chamber, and as we 
Tork the pump our gauge shows an ever-increasing 
tension; and here, lest you should be confused by the 
two terms termon and presimre applied to the same 
manifestation of energy, let me call your attention to the 
obvious distinction between the condition of permanent 
elasticity or tension of a mass of gas, and either the 
outward pressure which in consequence of its tension 
the gaa exerts on every surface exposed to its action, or 
the external pressure by which the tension is balanced 
and the mass of gas confined within a limited volume. 
Still, as in a state of rest, the tension everywhere ex- 
actly balances tlie pressure, the two terms are frequently 
interchangeable, although it is nsual to estimate pressnre 
B6 so many pounds on a square inch, and to measure 
tension by the height of the column of merctiiy which 
■it ifi capable of sustaining. Either of these measures, 
lowever, can always be easily reduced to the otlier. 
Now, what relation does the tension of the air in 
copper vessel sustain to the quantity of air (meas- 
id, of conrso, by its weight) which the chamber con- 
The law of Mariotte, as we have already stated 
"It, enables ns to answer this question. We already 
Inow that if we force two cubic feet of air into one 
cubic foot, the pressure exerted on this mass of gas, and 
therefore the tension of the gas, must be doubled. If 
we force three cubic feet into one cubic foot, both the 
preBsaie and the tension must be trebled, etc. In other 



wordfi, tUe toiuiion of a mast of gae coc&utd under a 
ouuatiiutt vuluiiit; will be proporQanal to tbe gnsntity — 
tUtil is, tv (lie wci^t — of gae bo ccmfiiiitd. and con- 
if«wly tiie wwigbt uitiet be proportional to the tenffloc 
Jtiut, at >-^u liee, tl^ie if merelj ssotlieir mode of stating 
titt wuiv >^iutrtiJ propertj of aeiifonn matter -wliicb we 
Iwve <!ulUid tW bw of S(«riotte. If it is true lliat 
t/te wi/vt/ce f^ a coneUcnt weight (^ any gat it inverael'g 
f^i/fmiii/jf»iid Uj Oue pTtttture to vhich it is etpOMi, it 
uiwt aibu }>« isiun tbat ike tentwn of a constani vc^vme 
t^' UiM miii^e gin i* diredly proportional to its v>eighl. 

i'Mu^Ater a furtbcr aitificqiienee of the property of 
lUtnUffiu matter we have been diecneeing, which exhibits 
■tiJI luuAluer phitea of tbe I&w of Mariotte. According 
Oi tiiM w*;U-l(iwwn priadplc of Archimedes, every ob- 
ject immonoii ia the atmosphere is baoyed up by a 
fifrau vxnutly eqiul to the weight of air it displacea. 
'I'Uin fufcx', wlitfii produces eueh a marked effect in the 
ajtaeniioii of a balloon, cannot bo neglected in any sci- 
DnllAu liivtjetigatlon in which it Incomes necessary to 
dtidtrnifiia weights with great accuracy. It is, however, 
tt vuHublil foriti', Ijocanao, Rinco the tension of the atmoe- 
[diera m shown |jy the barometer is continually varying, 
tliu wuiglil, of air diaplaeed in any case must also vary. 
Hut, wording aa wo umst amid this variableness, the 
luw of Marlotto (lotiiua to our aid and enables ua to pi-e- 
diut wliiit niiiHt be tlio oiloct iu any given case ; for as 
lltii wuIkIiI nf *> "onataiit volume of gae ie directly pro- 
piivliinml to itB teiiBioii, ho tlio weight of air displaced 
\ty II h»dy of Invariulilo dimonBions must be propor- 
timml III tlio height* of tliu bnroniotcr cohimn which at 
dilTeruiit tliittM ihtiuaiirvM tho londion of the atmo^hcre. 
In thU illii'imslim of Mariotto's law, we have neccs- 
«M'U>' nwumtMl thtit ull tho ooudilioos which may modify 
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the Tolnme or density of a mass of gas were constant, 
except only the one we have been Btiidying, It ia, 
however, a familiar fact that the condition of our at- 
moephere may be modified by several causes, and of 
these temperatn re produces even a greater effect than 
the ordinary variations of pressure. To the influence 
of temperature on the condition of a gaa we must 
next give onr attention ; but, before we attack thia 
eomewhat difficult problem, let me point out to yon 
that the law of Mariottc or Boyle is most closely 
related to the law of Avogadro. The one law ia 
found to hold just aa far as the other, and any de- 
viation from the one is accompanied by a corre- 
eponding deviation from the other. So close, indeed, 
is the connection, that we can not resist the convic- 
tion that the two laws are merely difierent phases of 
one and the same condition of matter ; and our mole- 
cular theory explains this connection in the following 
way: 

The molecules of a body are not isolated masses in 
a fixed position, all at rest, but, like the planets, they 
are in constant motion. The greatest length of path 
over which this motion can ever extend must be ex- 
ceedingly short, BO short, indeed, that, if the path could 
be traced, it would be wholly imperceptible to our 
senses, even when aided by the most powerful instru- 
menta. But, nevertheless, the motion is none the lesa 
teal, and none the less capable of producing mechanical 
effects. In a gas the motions of the molecules are sup- 
posed to take place in straight lines, the molecules 
hurrying to and fro across the containing vessel, strik- 
iag against its walls, or else encountering their neigh- 
bors, rebonnding and continuing on their course in a 
new direction, according to the weli-known laws which 
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govern the impact of elastic bodies. Of conree, in Biidi* 
a fiystem, all the molecuiea iire not moving with the 
same velocity at the same time ; bat they have a cer- 
tain mean velocity, which determines what we call the 
temperature of the body, and the higher the tempera- 
ture the greater is this mean velocity ; moreover, the 
mean velocity of the molecules of each substance is 
always the same at the same temperatTire. It varies, 
however, for different substances, and, for any given 
temperature, the less the density of the gas the greater 
is this velocity, althongh, as we shall hereafter see, the 
velocities of the molecules of two different gases are 
inversely proportional, not simply to their densities, 
but to the square roots of these quantities. We are 
able to calcijlate for each gas at least approximately 
what this velocity must be for any temperature, and, in 
the case of hydrogen gas, the value at the temperature 
of freezing water is about 6,09T feet per second. The 
internal energy, therefore, in a pound of hydrogen gas 
at the freezing-point is as great as that of a pound-ball 
moving 6,097 feet per second, and the energy in an 
equal volume (a little over 6,6 cubic yards when the 
barometer is at 30 inches) of any other true gas is 
equally great under the same conditions; a greater 
molecular weight compensating in every case for a less 
molecular velocity. Let us now bring together the 
two remarkable results already reached in this lecture. 

One cnhie inch of evierxj gas, wften t}ie 
marks 30 mches, and the thermometer 32° Falia: 
tai/na 10^ molecules. 

MeoM velooity of hydrogen molecules, wnder same 
condi^ons, (),0Q7 feet per second. 

It is evident, then, that every mass of gas must 
contain a large amount of internal energy, and this 
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,enei^ is made manifeBt in many ways, especially la 
what we call the permanent tension of the gas. Every 
surface in contact with a maea of gas is being con- 
stantly bombarded by the inoleeales, and hence the 
great pressure which results. Now, the greater the 
nnmber of molecules in a given space, the greater will 
be the number of impacts on a given surface in a given 
time, and therefore the greater will be the energy of the 
molecular bombardment. Evidently, then, according to 
the molecular theory, the pressure of the same gas on a 
given surface ought to be exactly proportional to the num- 
ber of molecules in a given volume; or, what amounta 
to the same thing, to the weight of the given volume ; 
and this is the very characteristic property of aeriform 
matter, which we have called the law of Mariotte. 

Another effect of molecular motion is that condi- 
tion of matter which the word temperature, just naed, 
denotea. There are few scientific terms more difficult 
to define than this common word temperature. In 
ordinary language we apply the terms hot or cold to 
.other bodies according as they are in a condition to 
impart heat to, or abstract it from, our own, and the 
various degrees of hot or cold are what we call, in gen- 
eral, temperature. Two bodies have the same temper^ 
atnre if, when placed together, neither of them gives or 
loses heat; and, when, ander the same conditions, one 
body loses while the other gains heat, that body which 
gives out heat is said to have the higher temperature. 

Increased temperature tested in this way is found 
to be accompanied by an increase of volume, and we 
employ thia change of volnme as the measure of tem- 
perature. This is the simple principle of a thermome- 
ter. The essential part of this instrument is 8 glass 
bulb, connected with a fine tube, and filled with mer- 
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cnry to a variable poiat ia the atem. The least change 
in the volume of the mercury is indicated by the rise 
of the column in the tube. Primarily, the thermome- 
ter is a very delicate measure of the change of volume 
of the inclosed liquid ; secondarily, it becomes a meas- 
ure of temperature. Tou know bow the thermometer 
ia graduated. We plunge it into a mass of melting ica 
and mark the point to which the mercury falls, and 
then we immerse it in free steam, and mark the 
point to which the column rises. We now divide the 
distance between these fixed points into an arbitrary 
number of equal spaces, and continue the divisions of 
the same size above and below om- two staudai'd points. 
In our common Fahrenheit scale this distance is di- 
vided into 180 parts, the freezing-point is marked 32°, 
and the boiling, of course, 212° ; the zero of this scale be- 
ing placed at the thirty-second division below the freez- 
ing-point. In our laboratories we geoeraUy use a scale 
in which this distance is divided into 100 parts, and 
the freeziug-point marked 0°, the divisions below freez- 
ing being distinguished with a mmws-aign. All this, 
however, is purely arbitrary, and the instrument mere- 
ly gives us the means of comparing temperatures. 
Here, for example, are two bodies. We apply the 
thermometer first to one and then to the other. It 
rises in each case to 50°. The only information we 
have obtained is, that both bodies are at the same tem- 
perature corresponding to a certain volume of the mer- 
cury in our thermometer, a temperature which we have 
agreed to call 50° ; and we can predict that, if the two 
bodies are brought together, no heat wilt pass from one 
to the other. We now apply the thermometer to a 
third body, aud it rises to 100°. We thus learn, 
further, that the third body ia at aAiigher teia-tetsA,vii<a 
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1 tte other two, and in a condition to transfer to 
them a part of its heat. We cannot, however, say 
that its temperature is twice as high, or that it has any 
definite relation to that of the other two bodies. 

There is, however, a theoretical way of measuring 

temperature, which appeara to lead to something more 

than a mere arbitrary compariEon, Let us assume that 

~we have a cylindrical tube, closed below, but open 

"mve (Fig. 1). let ua further assume that the air 

623° 



In the tube ie confined by a piston, which has no 
weight, and moves without friction. As the tempera- 
ture rises or falls, of course our assumed piston would 
rise or fall in the tube, following the expanding or con- 
tracting of the confined air. Let us mark the point to 
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water, 0°, and the point to which it rises at the 

temperature of boiling water, 10U°. Lastly, let ua 
divide the distance between these two points, as in a 
centigrade thermometer, into one hundred equal parts, 
und continue the divisions of the same size above 100° 
and below 0". We shall find that we can make almost 
exactly 273 such divieiona before reacliing the closed 
bottom of our tube. Transfer, now, the zero of onr 
scale to this lowest point or bottom of our tnbe, so 
that our old zero, or fi-eezing-point of water, will bo 
at 273° of the new scale, and the boiling-point of 
water at 378°. 

Wc shall then haye what is probably Tory nearly 
an absolute scale of temperature, snch a one that we 
can say, for example, that the temperature at 500** is 
twice as great as that at 250°. Moreover, this is a, 
Bcale eueh that the volume of any gas, under the same 
pressure, is exactly proportional to the temperature: 
for example, the volume of a given mass of air at 600° 
ia twice aa great as the volume at 300°. That this 
must be the case for air ia evident from the construc- 
tion of our theoretical thermometer ; and it is equally 
true of any other perfect gaa, for there would be no dif- 
ference in effect whatever if the tube were filled with 
hydrogen, oxygen, or nitrogen, instead of air. It ia 
very easy to refer degrees of our ordinary thermometer 
to degrees of this absolute scale. If the degrees are 
centigrade, we have merely to add 273 ; if they are 
Fahrenheit, wo must add 4S9 (see Fig. 7, bis) ; and, for 
many purpoaea, it is exceedingly convenient to measure 
temperature in this way. Suppose, for example, we have 
100 cubic inches of gas, at 4° centigrade, and we wish to 
know what would be its volume at 281°. Converting 
these raiaeB into absolute degrees by adding 273, w^ 
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Hwtain 277* and 554°. Tben, since the volume of a gaa 
is exactly proportional to the absolute temperature, we 
have 277 : 554 = 100 : answer, 200 cubic inches. But 
the chief value of this method of measuring temperatnro 
ia to be found in the Bimplieity with which it presenta 
to OS the property of gases we have boon etodjing. The 
volume of a gas depends solely on two conditions : its 
pressure and its absolute temperature. As I before 
showed, it ia inversely proportional to the pressure, 
and it now appears that it ia directly proportional to 
the absolute temperature. We must then qualify the 
law of Mariottc by a second principle, equally funda- 

^jiental and important : 

^^L l%e volwme of a given mass of gas, under a constant 

^^BfeMWV, varies directly as the absolute temperature, 

^H This we call the law of Charles. 

As with the law of Mariotte, so with the law of 
Charles, we shall more fully comprehend the funda- 
mental relations of aeriform matter, of which either law 
is only a partial expression, if we study the subject from 
a somewhat different point of view. Both solids and 
liquids expand, when heated, with an irresistible force, 
but a mass of gas, if confined in a suitable vessel, may 
be heated or cooled indefinitely without any other 
change of volume than the very small alteration which 
the vessel itself sustains. Under such conditions, the 
only considerable effect produced is an increase or dimi- 
nution of the tension of the gas, according as the tem- 
perature rises or falls ; and by connecting with the ves- 
sel a manometer the variation of tension may bo accu- 
rately measured. 

Assume now that we have a vessel arranged as just 
described, and that we start from the temperature of 

y^elting ice, the zero degree of the centigrade scaXe, -^e 
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bIibII find — whatever may be tlie nature of t 
fined in the vcBsel, and whatever may be the initial ten- 
Bion of the gas — that this tension increases by yifr "^^ ^** 
value at 0" for every degree throngh which the tem- 
perature of the vessel is raised. HeQce, at 273° centi- 
grade the tension would be doubled, at 516° it wonld 
be trebled, and eo on,' If, next, returning to our etart- 
ing-point, we coo! the vessel, we shaJl find that the ten- 
Bion diminishes by 51^ of the initial valne for every 
degree of temperature lost ; and, although we have not 
been able to push our experiments beyond a very limited 
range of temperature, yet, if the law observed within 
this range holds to the end, it is obvious that at —273° 
the gas would have lost all its tension and wonld exert 
no pressure whatever on the interior surface of the vea- 
eel. Starting now from this point of no tension, tha 
absolute zero, as we have called it, and raising the tem- 
perature of the vessel one degree, we should develop a 
email amount o£ tension (j^ of the initial tension above 
mentioned), and each additional degree of temperature 
would increase the tension by exactly the same amount, 
BO that, at 10° above the absolute zero, the tension would 
be ten times as groat ; at 50°, fifty times as great ; at the 
100°, one hundred times as great as at 1°, and so on to 
whatever extent we may raise the temperature. In 
other words, the tension will be exactly proportional to 
the absolute temperature ; and this brings us to another 
statement of the law of Charles : 

' The fraction 1^7 would be eisctij correct only in the mbb of air in- 
closed in a veaso] of nbsoiutclj constant volume, a eonditioD ivhiuh, of 
coufao, we cannot perfectly command. Bnt in a general view of the sub- 
ject nc may leave out of the account, not only the small expansion of the 
veissol above referred to, b\it also certain minute differences that seem to 
depend on the imperfect afiiiform condition of the Bubstanccd nittl wlucll 
we have to lieal in otir actual eipoiimcnta. 



^^1 The tenaion of a mass of gas of constant volume 
^^mnea directly as the absolute temperature. 
^^m Bat the same conclusion may be easily deduced from 
^Htte first statement of the same law by a simple appUca- 
^Hpn of the cognate law of Mariotte. For if, as an ex- 
^^paple, we conceive of a mass of gas whose rolnme has 
^Hfeen doubled by raising the temperature from 0° to 
^^TS", and then consider what the effect must be — ac- 
cording to Mariotte's law — if, by any mechanical means, 
the Tolome is reduced to the initial state, while the 
temperature is maintained at 273°, it will be obvious 
that instead of a double Tolame, we shall now have a 
doable tension ; and, since the final state ia the same as 
if the gas had been heated in a closed vessel, the result is 
precisely that which the second statement of the law of 
Charles predicts ; and it thus appears that the two state- 
ments are different expreBsions of the same principle. 

The molecular theory of gases explains the law of 
Charles very much in the same way as it explained 
the law of Mariotte, The pressure of a gas, as we have 
seen, is due to its molecular energy. If, by any means, 
we increase that energy, we must also increase the 
jvessure in the same proportion ; or, if the gas is free 
to expand under a constant pressure, we must increase 
the -volmne. In other words, the effect of increased 
energy must be the same as the eff'cct which we know 
foUowa increased temperature. What more natural 
than to infer that the unknown condition, to which 
we have given the name of temperature, is simply 
molecular energy? Here, then, is our theoretical ex- 
planation of the law of Charles. The temperature of 
s body is the moving power of its molecules. At the 
0° of our absolute scale the molecules would be re- 
1 doced to a state of rest, and, at other temperatures, the 
^■Biolecalar energy is directly proporVionaV to fca ^ 
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greea of this scale ; so that, for example, the molecules 
of air, at 273° (the 0° of centigrade), have only one- 
half of the energy which the same molecules posBcsa 
when the temperature ia raised to 546°. As the press- 
ure exerted by the air must be proportional to the 
molecular energy, the increased temperature will, if 
the air is couiincd, double this pressure, or, if the air 
18 tree to expand under the constant pressure of the 
atmosphere, it will double the volume. 

It would lead mo too far to attempt to develop here 
at any greater length the dynamical theory of heat, 
and I regret that I am not able to do more than to give 
this bare outline of the remarkable properties of gases, 
which it so beautifully explains ; but I take great pleas- 
ure in referring all who are interested in the subject 
to the very excellent work of Prof, Clerk Maxwell 
on the theory of heat. It is not a popular work, or 
one which is easy reading, but it contains a moat ele- 
gant exposition of the modem theory of heat, in as 
simple a form as is consistent with accuracy and con- 
ciseness. 

There is only one other point, in connection with 
the molecular theory of gases, to which it is important 
for me to refer in these lectures. We have seen that 
all gases have two essential characteristics : 1. Their 
volume is inversely proportional to the pressure to which 
they are exposed ; and, 2. Their volume is directly 
proportional to the absolute temperature. Now, if we 
assume the molecular theory of gases as titie, it can 
be proved, mathematically, that all gases at the same 
temperature and pressure must have the same number 
of molecules in the same volume. Tiie proof would 
be out of place here;' but, although it would be more 

' AssuTue tbnt we liairo two entirely Bimilar maBses of different gases 
— /or example, osfgen and hjdrogen— boili having lUe eamc Toluuie, tha 
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tiBfactOTy to enter into details, I shall have aecom- 
^hed the first object of '.this lecture if I have been 

same tenaion, and (he Bums lompccature. Assume, further, thst these 
tnagaea arc brought togetlicr unli] thej aro oulj Bepsratcd by an elutio 
but iiDpcnelrBbla partition which will frcetj transmit the moving power 
of the molecules of one gaa to those of the other. tJndcr such conditions 
— to the exKDt at least to which we can realize them eiperimcntallf — w« 
know that there irould be no change whatever in the tcnBion or the tem- 
perature of the flimilor aod equiLl volumea of gas, provided always all ei- 
tenml conditiona remained unchanged ; and as, bf assumption, tbe two 
masses of gas are perfectly similar ia all their entemal relatiooa (in re- 
ipect, for example, to the nature and shape of the vessels they fill), it is 
obvious, not only that in the initial condition tbo tntat moving power of 
the molecules of one mass must be equal to the total moving power of 
tbe molecules of tbe other mass, but also that this relation is not changed 
by any transmission of energy resulting from an interaction of the mole- 
culeB through the clastic partition. 

Assume next that the partition is removed, and that the gases Bra 
allowed to mix, we know that still no change of volume, (eosion, or tem- 
perature would result, and that after the ditfusion was complete both Ibe 
lension and temperature of the united gas-volumes would remain the 
same as before, Moving as tbe dlifcrent molecules now do in the same 
space, and continually colliding with each other, the interaction is moio 
rapid, but it can be no more ejfectual than before ; and it Is therefore obvi- 
ous that after the diffusion the sum of the moving powers of tbe mole- 
cules of one substance must atill remain equal ki the sum of the moving 
powers of the molecules of the other sabstance. 

To calculate the effect of tbo collision of moloenles, under the con- 
ditions described in the last paragraph, is a di£Bcult roathemaUcal prob- 
lem whose happy solution was one of the most important oontribuiiona 
to science of the late Prof. Maiwell. He, however, has shown it to be 
a oecesftary deduction from the well-known principles of mechaoica 
that trben molecules, like those of oxygen and hydrogen (r^nrding them 
only as small masses of matter of unequal weight), are moving in the 
aame space and continually colliding with each other, tbe average mov- 
ing power o( the molecules of one kind must become equal to the 
average moving power of the molecules of the other kind, and this 
must be tmo in whatever proporliona the molecules may he mixed. 
The question, it must be noted, is wholly one of averages; for, the 
moving power of each molecule changes at every collision, and, as 
Itie collisiona must succeed each other with un exceeding great rapidity. 



able to leave with you a clear idea of the three laws 
which may be said to define the aeriform condition 
matter, and which all tme gases obey — 



The Law of Maeiotte, 
The Law of Cuables, 
Thb Law of Avogadbo. 



I 



Liquids are distinguished from gasea chiefly in hav- 
ing a definite sorfaee. Their particles have the same 
freedom of motion, but thia motion is limited to the 
mass of the liquid. The particles of the air, if uncon- 
fined, would move off indefinitely into space ; but the 
particles of this water, although moving with equal 
freedom within the liquid mass, cannot, as a rule, rise 
above what we call the surface of the water. Again, if 
we introduce a quantity of air, however small, into a 
vacuous vesBcl, it will instantly expand until it com- 
pletely fills the vessel. A quantity of water, under the 
same conditions, will fall to the bottom of the vessel, 
and will be separated by a distinct surface from the 
vapor which forms above it. Lastly, if a gas is sub- 
jected to pressure, it is compressed in the exact pro- 
portion to the pressure, whCe with a liquid the com- 
the condition of anj one molecule la never nt auj U 



tbeai 

It must be true, then, in the case of our assumed equal and similar 
Tolmnes of gas, not only ibat the total moviog poncr of all the mQlecules 
of one maaa ia equal to tbe total moving power of all the moleeulea of the 
other mass, but also that on tho average (he moving poncr of a siogls 
molecule of one gaa Is equal to tbe moving power ot a, aingle molecule 
of the other. Obvioualj this neceaaarily implies that the nmnber of 
molecules in the two similar and equal volames i> tbe same, tind, if 
the Btaae in two niailar and eqtiol volumes, it muat be the same in 
two egiul volumes, whatever be the shape or coudiliona of tbe containing 
veuei. 
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ission is barely perceptible, even when the press- 
ure is exceedingly groat. Hence, gases are frequently 
called compressible and liquids incompressible fluids. 

The explanation which the molecular theory gives 
of thia difFerenee of relations is very simple. In the 
gas the molecnles are separated beyond the sphere of 
each other's influence, and move through space wholly 
free from the cfi'ects of the mutual attraction. In a 
liquid, on the other hand, this attraction, which we call 
cohesion, is very sensihle, and restrains the individual 
molecules within the mass, although they are free to 
move among themselves. Yoii can easily understand, 
by referring again to the diagram (Fig. 2, on page 8), 
how this attractive force would act. 

A molecule, in the midst of the mase, moves freely, 
because the attractions are equal in all directions, but 
a molecnie near the surface is in a very different con- 
dition. As it approaches the surface, the attraction 
toward the mass of the liquid becomes greater than the 
attraction toward the surface, and when it reaches the 
enrface the whole force of the inward attraction is pulling 
it back, and, unless the moving power of the molecule 
sufficiently great to overcome this force, its motion 
arrested, and it turns back on its course. It may 
ippen, however, especially when heat is entering the 
liquid, that some of the molecules, through the effects 
of their mutual coJlisionB, acquire sufficient energy to 
ly off from the liquid mass, and hence result the well- 
lown phenomena of evaporation. Thus our theory 
66 the liquid condition of matter, and explains how 
liquid is converted by heat into the gas. 
In all theoretical discussions, it is always highly sat- 
itory when, in following out our theoretical coneep- 
ina to then- consequences, we find that these eouae- 
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i^uences are actnalfj realized in natm-al phenomenafn 
'tnd such EatiBfactioQ we can have in the present case. 
Consider what muBt be the form which a maas of liqnid 
molecnlefi isolated in space would neecssarily take. Ke- 
member that these molecules are moving with perfect 
freedom within tho body, hut that the extent of the 
motion of each molecule is Hmited by the attraction of 
the mass of the liquid. Remember also that, accord- 
ing to the well-known principles of mechanics, this at- 
traction may bo regarded as proceeding from a single 
point, called the centre of gravity. Remember, fur- 
ther, that the molecules have all the same moving 
power, and you will see that the extreme limits of their 
excursions to and fro through tho liquid mass must be 
on all sides at the same distance from the central point. 
Hence the bounding surface will he that whose points 
are all equally distant from the centre. I need not tell 
you that such a surface is a sphere, nor that a mass of 
liquid in space always assmnes a spherical form. The 
rain-drops have taught every one this truth. Still, a 
less familiar illustration may help to enforce it. I have 
therefore prepared a mixture of alcohol-and-wafer, of 
the same specific gravity as olive-oil, and in it I have 
suspended a few drops of the oil. By placing the liquid 
in a cell, between parallel plates of glass, I can readily 
project an image of the drops on the screen, and I wish 
you to notice how perfectly spherical they are. And I 
would have you, moreover, by the aid of your imagina- 
tion, look within this externa! form, and picture to 
yourselves the molecules of oil moving to and fro 
through the drops, bat always slackening their motion 
where they approach the surface, and on every side 
coming to rest and turning back at the same distance 
from the centre of motion. 
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Neither liquids nor gases preaeot the least trace of 
etrncture. They cannot even support their own weight, 
mach less sustain any longitudinal or shoaring stress. 
A solid, on the other hand, has both tenacity and struct- 
ure, and resists, with greater or less energy, any force 
tending to alter its form, ae well as change ita volume. 
The tenacity and peculiar forms of elasticity which 
Bolids exhibit are characteristics which are familiar to 
every one, but the evidences of structure are not bo 
conepicuouB. The structure of solids is most frequently 
manifested by their crystalline form, and this form ia 
one of the most marked features of the solid state. But 
atthough, under definite conditions, most snbstances as- 
eame a fixed geometrical form, yet, to ordinary expe- 
rience, these forms are the exceptions, and not the 
rale. I will therefore make the crystallization of solid 
bodies the subject of a few experimental illuetrationB. 

For the first experiment, I have prepared a concen- 
trated solution of ammonic chloride (sal-ammoniac), 
and with this I will now smear the surface of a small 
glass plate. Placing this before our lantern, and using 
a lens of short focus, so as to form a greatly-enlarged 
image on the screen, let us watch the separation of the 
solid salt as the solution evaporates. , . . Notice that, 
first, small particles appear, and then from these nuclei 
the crystals shoot out and ramify in all directions, soon 
covering the plate with a beautiftil net-work of the fila- 
ments of the salt. We cannot hero, it ia true, distin- 
gnish any definite geometrical form ; but it can be 
shown that these very filaments are aggregates of such 
forms, and their structure is made evident by a fact, to 
which I would especially call your attention — that, as 
the crystalline shoots ramiiy over the plate, the sprays 
keep always at right angles to the stem, or else branch 
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nt an angle of 45°, which is the half of ft right Anglj 
(Fig. S). 

For a further illustration of the process of ciysta 
lization I Lave prepared a solution in alcohol of a BolicH 




Pie. 8.— Oryitalltailioa of Sal-AmmonfM. 
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substance' called urea, with which we will experiment 
in precisely the same way as before, . . . The process 
of crystallization, wbicii ia here so beautifully exhibited, 
is one of the most striking phenomena in the whole 
range of experimental Ecience. It is, of course, not bo 
wonderful as the development of a plant or an animal 
from its germ, but then organic growth is slow and 
gradual, while here beautiful, eymmetrical forms shape 
themselves in an instant out of this liquid mass, reveal- 
ing to us an architectural power in what we call lifeless 
matter, whose existence and controlling influence but 
few of U3 have probably realized. The general order 
of the phenomena in this experiment is the same as in 
the last ; but notice how different the details. We do 
not see here that tendency to ramify at a definite angle, 
but the crystals shoot out in strai;>ht lines, and cover tbe 
p/iiCe with bnndles of crystaltiae fibres, which meet or in-— 
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tersect each other irregularly as the accidental directions 
of the several shoots may determine (Fig. 9). As before, 
■we cannot recognize the eeparate crystals ; indeed, large 
lEoIated crystala, such as you may see in collectiona of 
minerals, cannot be formed thus rapidly. They are of 
slow growth, and only found where the conditions havefa- 
vored their development. But all the mineral Bubstances, 
of which the rocks of our globe consist, have a crystal- 
line structure, and are aggregates of minute crystals like 
the arborescent forma whose growth you have witnessed. 
The external form is but one of the indications of 
crystalline structure, and by various means this structure 
may frequently bo made manifest when the body appears 
wholly amorphous. Nothing could appear externally 
more devoid of etructiu-e than a block of transparent 
ice. Yet it has a most beautiful symmetrical structure, 
which can easily be made evident by a very simple ex- 
periment, originally devised, I believe, by Prof. Tyn- 
dall. For this purpose I have prepared a plate of ice 
about an inch in thickness, whose polished siu-faeea are 
parallel to the original plane of freezing. I will now 
place this plate in front of the condenser of my lantern, 
and, placing before it a lens, we will form on the curtain 
an image of the ice-plate, some twenty times as large as 
the plate itself. The rays of heat which accompany 
the hght-rays of our lantern soon begin to melt the ice ; 
but, in melting it, they also dissect it, and reveal its 
Btrneture. . . . Notice those symmetrical six-pointed 
Btare which are appearing on the wall (Fig. 10). Prof. 
Tyndall calls them, very appropriately, ico-flowers, for, 
as the flower shows forth the structure of the plant, so 
these hexagonal forma disclose the six-sided structure 
of ice. Ton can hardly fail to notice the similarity of 
these forms to those of the snow-flake. The sis petals 
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of the ice-flowers on onr screen make with each ( 
an angle of 60°, and, if you examine, with a magnifier, 
flakes of fresh-faUen enow (Fig. 11), or the arborescent 




forms which crystallize on the window-panes in frosty 
weather, you will find that, in all cases, the crystalline 
ahoots ramify at this angle, which is as constant a char- 
acter of the solid condition of water as is the right an- 
gle of sal-ammoniac. 

There are other aolids whose crystalline structure, 
like that of ice, becomes evident daring melting ; but a 
far more efficient means of discovering the structure of 
solids, when transparent, is fumiElied by polarized light. 

It would be impossible for me, without devoting a 
great deal of time to the subject, either to explain the 
nature of what the physicists call polarized light, or to 
give any clear idea of the manner in which it bringa 
out the structure of the sohd. I can only show you a 
few experiments, which will make evident that such 
is the fact. We have now thrown on the screen a lumi- 
nous disk, which is illuminated by polarized light. To 
^e nuaided eye it does not appear difl'erently from 
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iDnlmaTy Hg^t; bat there is this peculiarity in the 

lljeam. I have here a prism of well-known construe- 

tioD^ made of Iceland-apar, and called a Kicol prism. 




The Bpar is as translucid ae glass, and, with ordinary- 
light, it transmits, as yon see, the beam eqaally well, 
whether it is placed in one position or another. But, 
with the polarized beam, we shall have a very different 
resolt. In one poaition, as you notice, it allows the 
light to pass freely ; but, on turning it round through 
an angle of 90°, almost all the light is intercepted : 
the beam of light seems to have sides, which stand in 
a different relation to the prism in one position from 
tlmt which they bear to it in the other. To describe 
this condition of the beam, the early experimenters 
adopted the word polarised, which was not, however, 
a happy designation ; for the term now implies an 
opposition of relations very unlike the difference 
which we recognize between the sides of such a beam 
of light. Placing now the Nico! prism in the posi- 
tion in which it intercepts the polarized beam, I will 
first place between it and the source of light a plato 
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of glass. You notice that there is no difference 
effect. BesideB the arrangement for polarizing 
light and the Nicol prism there is no other apparatus 
here except a lens, which would form on the screen 
an imago of the glasa plate or of any thing depicted 
upon it, were it not for the circumstance that the 
Nicol prism cuts off the hght. By turning the Nicol 
so that the polarized light can pass, and putting a 
glass photograph in the place of the glass plate, you 
see at once the photograph projected on the Bcreen. 
Having turned back the Nicol until the light ia again 
intercepted, I will remove the photograph, and put 
in its place a thin sheet of gypsum. . ■ . See this 
brilliant display of colors. The plate of gypaum Is as 
colorless and transparent as the glass, and the gorgeous 
hues result from the decomposition of the polarized 
light produced by the crystalline etructnre of the 
gypsum. I will next turn round the film of gypsum, 
and you notice that the colors gradually fade out and 
finally disappear. As we turn farther they reappear, 
and so on. Evidently, the colors are only produced in 
& definite position of the gypsum plate with reference 
to our polarizing apparatus. Moreover, as I can readily 
show you, the tint of color depends on the thicbnesa 
of the film. I have here a simple geometrical design 
formed of plates of gypsum of different thicknesses, and 
yon notice that each plate assumes a different hue. On 
turning, however, our Nicol prism 90", these colors are 
suddenly exchanged for their complementary tints. 

It is obvious that any colored designs might be re- 
produced in this way by combining gypsum plates cut 
to the required thickness and form, as in mosaic work ; 
and I will now show you a number of beautiful illua- 
trations of this peculiar form of art. . . . But you can- 
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■tiot appreciate the wonder of these experiments without 
' bearing in mind that these gypaum mosaics show no 
color whatever in ordinary light, consisting, as they do, 
of plates which appear like colorless glass. 

Let me now enhstitiite for the gypsum designs the 
glass plate on which we recently eryetallized urea, and 
notice that the crystals of this substance, which we 
saw form on the glass, yield similar brilliant hues. 
The experiment becomes still more striking, if we crys- 
tallize the salt under these conditions. I will, there- 
fore, take another glass plate, and, having smeared it as 
I before with the solution of urea, I will place it in tho 
I fbcns of my lens before the polarizer. The field is now 
perfectly dark, but, as soon as the crystals begin to 
form, you see these colored needles shoot out on the dark 
ground, presenting a phenomenon of wonderful beauty. 
Now, all this indicates a definite structure, and, to 
those familiar with these phenomena, they point to a 
definite conclusion in regard to this structure. I wish 
I could fully develop the argument before you, but this 
would require more time than the plan of my lectures 
allows, and I must be content if I have been able to 
impress upon your minds the single general truth 
which these experiments suggest. You saw tho urea 
crystallize, that is, assume a definite structure, and you 
low see that this structure so modifies the polarized 
ight as to produce these gorgeous hues. You have 
sen similar hues, but still more brilhant, produced by 
Opiate of gypsum, and I can only add that the conclu- 
gBion which tho analogy suggests is legitimate, and eus- 
ined by the most conclusive evidence. The trans- 
' parent plates of gypsum have as definite a structure as 
the crystals of urea, and to the student of optics these 
colors reveal that structure just as clearly as it is mani- 
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f^ted, even to the nninstmcted eye, bj the processes 
cryitalliza-tion, which we have witnessed this 

Would, however, that I couJd convey to you a more 
diriiiiite idea of the nature of that etracture, for our 
tiieory gives ua a very clear conception of what we 
BUppoee to be the relations of the molecules in these 
solid bodies ! But the subject is a difficult one, and it 
would require a long time to make the matter intelli- 
gible. Still, by the aid of a few parallel experimenta, 
I may be able to give you, at least, a glimpse of the 
manner in which, as we suppose, the structure of solid 
bodies is produced. 

Everybody knows that a magnetic needle, when 
free to move, assumes a definite position, pointing, in 
general, north and south. !Now, a magnetic needle is a 
needle of steel (liardened iron) in a condition which we 
call polarized, and the great globe, on which we live, 
is in a similar polarized condition, and these two polar- 
ized bodies assume a definite position toward each 
other. The earth and the needle possess magnetic po- 
larity ; but there are other modes of polarity, and what 
is true of magnets is true of all polarized bodies to a 
grciitor or loss oxtont. A collection of polarized bodies 
will always arrange themselves in some definite position 
wiOi reforonco to each other — will form, in a word, 
dcHnito Btructuro. Magnets aiFord the simplest raeai 
(if iUiiBtratiiig this principle; but it should be borne 
mind, whilt! wituoaaing the experiments I am to shoi 
you, lliiit tho trutli illustrated has a very wide appli) 
tion. 

I liftvo A nnnibor of common cambric needles, 
inagnetlr.ed ho Uiufr tho points of the needles are their 
north poles, and by sticking these points into small 
corks I ouQ ro&dily make the needles fioat on water 
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a vertical position, with the north poles all upper- 
most. In order to make the efEecta visible to the whole 
audience, I have placed a small tank of water, having a 
glafis bottom, on the stage of mj vortical lantern, which 
ifl so arranged that by means of a combination of lenses 
and mirrors I can project an image of the surface of 
the water on the screen beibre you, and you see float- 
ing on the liquid the little corks which hide tlic nee- 
dles hanging below them. I begin vdth three of these 
floating magnets, which yon may regard as representing 
polarized molecules of matter. Notice now that, as I 
bring near to them the south pole of a bar-magnet, the 
three molecules at once place themselves at the verticoa 
of an equilateral triangle. Add now another molecule, 
and we have formed a square ; a fifth gives us a penta- 
gon ; a sixth a hexagon. With seven molecules we may 
have a heptagon, but nsually the little corks arrango 
themselves in a hexagonal pattern, leaving one to mark 
the centre ; and, as the number of our representative 
molecules increases, we find that more than one condi- 
tion of equilibrium becomes possible. Sometimes the 
little corks arrange themselves around two others which 
station themselves as if at the foci of an ellipse. But 
as the forms become more complex, the equilibrium be- 
comes less stable, and we cannot readily reproduce such 
effects under the conditions we have here. Any one, 
however, can easily repeat this experiment with a bar- 
magnet, a few needles and corks, and a bowl of water, 
and, when perfect steadiness is secured, a great variety 
of forms may be produced. The experiment was de- 
vised by Prof. Kayer, of Hoboken, and it furnishes a 
most striking illustration of the formative power of 
polar forces. As these httle magnets marshal them- 
Ves in a definite order, it seems as if they were en- 



THE THREB STATES OF HITTEB. 

dowed witli intelligence, Init, as you well know, the 
directivo forco coihob from without, not from within. 
Tho magnutio virtue is not inherent in the eteel nee- 
dlofl. It hiiB heon induced in them by the presence of 
ft mii^ictizcd body, and lasts only for a limited time, 
after the inducing causo has been withdrawn. Bodies 
of fioft iron beeonio magnetized, on the approach of a 
inu^iiut, far nioi-o ruadily tliaii those of steel; but the 
polnt'Ity disappoars as ouon as the magnet is removed. 

Tho powor of a magnet to magnetize temporarily 
nil mimmifl of iron in ita neighborhood enables us to 
lllimtratii thu formative power of polar forces, in a raan- 
nor whii'h hIiows tho development of internal struct- 
ure as strikingly ub did the last experiment the pro- 
duction uf ft eynimetrical external form. If we bring a 
liar-iuagnet near some iron filings sprinkled over a 
plate of glass, these little bits of iron become at once 
polarized by induction ; and, if then we gently tap the 
glass, the iron particles will swing round on its smooth 
surface, and arrange themselves in the moat wonderful 
way. By means of my vertical lantern I can show you 
this effect most beautifully. I first sprinkle the filings 
on the glass stage of our lantern, and then, having pro- 
tected them by a thin covering-glass, I bring near the 
glass one of the poles of a bar-magnet. . . . Notice 
how, on tapping the glass, the filings spring into posi- 
tion, arranging themselves on lines radiating from this 
pole (Fig. 12). Here, evidently, we have a definite 
structure prodneed. Let ns now clear our stage, and 
arrange for a second experiment. This time, however, 
we will lay the bar-magnet on the covering-glass, so 
that the bits of iron shall bo brought under the influence 
of both of its poles at the same time. ... See what 
a bmutiM flet of curves results on tapping the glaf 
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FCFig. 13), and let me beg yon to try to carry in your 
mind for a moment the general aapect of this Btructure, 
ae well as uf the firBt 

Now w= Buy J. a that, in sohd bodies, the etrncture 
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depends on the polarity of the mol cul s ind thit the 
molecules hke tlie bits of iron m our experiment, take 
up the relitive position which the polar forces require 
And, neict, I will show yon that a beam of polanzed 
light develops in some sohda an evidence of straettire 
not very tmhke that yon have just b 




Returning, thc-n, to our polariscope, I place in the 

lam of light a plate of Iceland-spar cut in a definite 

_ manner. . , . See those radiating lines, and those iria- 

jolored circles (Fig. 14). Does not that remind you of 

J atnicture we developed around a single magnetic 

K>le ? Next, I will use a similar plate cut from a erys- 
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tal of nitre ; ■ . . and, see, we liave almost the repro- 
duction of the cuTPos about the double pole (Fig. 15). It 
ia the form of the curves as indicating a certain struct- 
ure, not the brilliant colore, to which I would direct your 
attention. The iria hues are eaused simply by the 
breaking np of the white light we are using ; for the 
crystal decomposes it to a greater or less extent, like a 
prism. If, by interposing a plate of red glass, we cut 
off all the rays except those of this one color, the varied 
tints disappear, but, in the black curves which now take 
their place, the analogy I am endeavoring to present 
becomes still more marked. Certainly, you could have 
no more striking analogy than this. I can add nothing 
by way of commentary to the experiments without 
entering into unsuitable details ; but I will say, how- 
ever, that I am persuaded that the resemblances we 
have Been have a profound significance, and that the 
structure, which the polarized beam reveals in these 
solid bodies, is reatly analogous to that wliich the mag- 
net produces from the iron filings. 

The experiments we have seen conclusively show 
that an external form and an internal structure re- 
sembling the form and structure of eryataUine solida 
may result from the natural grouping of small massea 
of iron or steel polarized by the presence of a magnet. 
Of eouree, form and structure imply a certain amount 
of tenacity; but our experimental demonstration will 
be more conclusive if I further show that not only te- 
nacity, but even a strong cohesive force, may be deter- 
mined between otherwise inert masses of iron by mag- 
netic induction. Here is a powerful electro-magnet, 
with its massive horseshoe-shaped core of soft iron and 
the encircling coils of insulated copper wire which 
conduct in spiral lines around the core the electrii 
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HiiTent that renders the iron strongly magnetic; and 
■when -we make connection with our dynamo-electrical 
machine, notice how great a weight the magnet will 
EQfitain. But notice, also, that the moment the elec- 
trical current is hroken, tlie power is gone. Covering 
now the poles of the magnet with a thin board, I have 
a table on which I can pile up several pounds of small 
wrongbt-iron nails. These nails are perfectly loose, and 
have DO more attraction for each other than grains of 
eand. Again I close tlie connection, and the current 
flows around the iron core, when notice, the nails be- 
come bound into a compact masE, and this solely in con- 
fieq^Dence of the mere presence of this powerful mag- 

st beneath the table. Each nail has become magnet- 
by induction, and the resulting mutual attractions 

stween these polarized bits of iron have converted the 
loose particles into a solid body. As the nails can slip 
to a limited extent on each other, this solid mass has sin- 
gularly plastic qualities ; and, as yon see, I can mould 
it into various shapes. . . . Now, we have a Gothic arch 
BUBtained by no power inherent in the iron, hut in con- 
Bequence of a power induced solely by the presence of 
the electro-magnet. We break the current, and our 
arch falls, and its solid walls cnmable into naila. 

Now, I could bring before you a great number of 

facts which point to the conclusion that the cohesive 

force which holds together the particles of this crystal 

of feldspar, for example, is a polar force similar to mag- 

;iBm; and, if this is true of the crystal of feldspar, 

must be true of all solid bodies. Is, then, cohesion 
iply a manifestation of an induced polarity ? Is there 

me presence in Nature which, like the magnet in our 
periments, shapes the crystals, adjusts the sprays of 
BQOW-flakc, and holds the mountains in its grasp ( I 
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can only answer that the analogies I have brought be- 
fore you force upon my mind the profound conviction 
that there is. Much has been said recently about the 
potency of matter. I can find no evidence of any po- 
tency inherent in matter. As I conceive of them, the 
ultimate particles of matter are wholly inert and passive, 
simple magnitudes, nothing more. But everywhere in 
Nature there seems to be a Presence which not only 
imparts power to these particles, but also directs each 
particle to its appointed place. We are, however, trans- 
gressing the legitimate bounds of science. This specula- 
tion may be all an idle fancy, but I hope that the study 
of these phenomena of magnetism has shown at least 
that the conception is not absurd. 



LECTTJKE m. 

HOW MOLEOOLEfl ABB WEIGHED. 

Lt order that we may make sure of the gronnd we 
have thuB far explored, let me recapitulate the charac- 
teriBtic qualities of the three conditions of matter which 
I Bought to illustrate in the last lecture. 

A gas always completely fills the vessel by which it 
I ifl inclosed. It is in a state of permanent tension, and 
I conforms to three fundamental laws — 

TuE Law of Maeiotte, 
The Law of Chables, 
Toe Law of Avogadko. 



The first two are independent of any theory, and simply 
declare that, when the mass is constant, the volume of 
every gas varies inversely as the pressure, and directly 
as the absolute temperature ; or, if the volumi 
Btant, that the mass (or weight) varies directly as the 
pressure, and inversely as the absolute temperature, 
third law, however, is based on the molecular 
It is more general, and iticludea the other two, 
Jt declares that equal volumes of all gases under the 
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fiame conditiona of temperature and | 
the same number of raolecales, 

A liquid has a definite surface. It can be only ^ 
eligbtly compressed, and obeys neither of the above lawa 

A solid has a definite structure, and resists boti 
longitudinal and shearing stresses to a greater or If 
extent. 

Having now presented to you the molecular theory 
as fully as I can without entering into mathematics 
details, I come back again to the great law of Avogj 
dro, which is at the foundation of our modern chen 
istry : 

When in the condition of a perfect gas, aU i 
sttmcegy under like conditions of temperaturv andp 
ure, contain in equal volumea the same nurnber of moS 
cfules. 

I have already shown yon that, if we assume th 
general truth of the molecular theory (in other word) 
if we assume that a mass of gas is an aggregate of isf 
lated moving molecules), then the law of Avogade 
follows as a necessary consequence from the kno\ff 
properties of aeriform matter, and may, therefore, in 
certain limited sense, be said to be capable of proa 
Afl yet, however, we have only considered the pure! 
physical evidence in favor of the law. But, when t 
the next lecture we come to study the chemical ev 
deuce, we shall find that it fully sustains the conclusion 
which has been deduced from our molecular theory by 
the principles of mechanics, I have already briefly 
referred to the history of the law. 

The original memoir was published by Amedeo 
Avogadro in the Journal de Physique, July, 1811. In 
this paper the Italian physicist " enunciated the opinion 
that gases are formed of material particles, sufficiently 
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moved from one another to be free from all recipro- 
attpaction, and subject only to the repulsive action 
if heat ; " and, from the facta, then already well eatab- 
that the same variatioiiB of temperature and press- 
ure produce in all gasee nearly the same changes of vol- 
ume, he deduced the coneluBion that equal volumes of 
all gasea, compound as well as simple, contain, under 
Jike conditions, the same number of these molecules. 

This conception, simple and exact aa it now appears, 
was at the time a mere bypotbcsis, and waa not ad- 
vanced even with the semblance of proof. The discov- 
ery of Gayinsaac, that gasea combine in very simple 
proportions by volume, waa made shortly after, and, 
had its important bearings been recognized at once, it 
would have been seen to be a most remarkable confir- 
mation of Avogadro's doctrine. But the new ideas 
passed almost unnoticed, and were reproduced by Am- 
pere in 1814, who based hia theory on the experiments 
of Gay-LuBsac, and defended it with far weightier evi- 
dence than his predecessor. Still, even after it was 
thuB reaffirmed, the theory aeema to have received but 
little attention either from the physicists or the chem- 
of the period. The reason appears to have been 
it the integrant moleoules of Avogadro and the par- 
fi<^ of Ampere were confaaed with the atoms of Dal- 
and, in the sense which the chemists of the old 
ihool attached to the word atom, the propoaition ap- 
!ared to be true for only a very limited number even 
of the comparatively few aeriform anbatancea which 
were then known. Moreover, the atomic theory itself 
was rejected by almost all the German chemists ; and, 
in physics, the theory of a material calorie then pre- 
vailing was not enforced by the new doctrine. In a 
word, this beautiful conception of Avogadro and Am- 
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pere came before ecience waa ripe enongb to benefit J 
b; it. A balf-centory, however, has produced an im-J 
mease ebanjie. The development of the modem th&. 
ory of chemistry has made clear the distioction between^ 
molecules and atoms, while the number of aubstances 
known in their aeriform condition has been vastly in- 
creaeed. It now appears that, with a few exceptions, 
all tbeee BubetanceB conform to the law, and these ex- 
ertions can, for the most part at least, be satisfactorily 
explained. On the other side, in the science of physics, 
more exact notions of the principles of dynamics have 
become general, and the dynamical theory of heat 
necessarily involves the law of equal molecular vol- 
Qmes. Thus, this theory of Avogadro and Ampere, 
which remained for half a century almost barren, baa 
come to stand at the diverging-point of two great sci- 
ences, and is siiBtained by the concurrent testimony of 
both. It is not, then, without reason that wc take this 
law as the basis of the modem system of chemistiy ; 
and, starting from it, let us see to what it leads : 

In the first place, then, it gives ua the means of de- 
termining directly the relative weight of the molecules 
of all such substances as are capable of existing in the 
aeriform condition. For, it is obvious, if equal votumeB 
of two gaaea contain, the same rmrnber of Tiwlecuhs, ike rel- 
aime weigMa of these molecules Tmist he the same as th»\ 
relathe weights of the equal qas^i^umes. Thus, a. cubia:! 
foot of oxygen weighs sixteen times as much as a cubic" 
foot of hydrogen under the same conditions. If, then, 
there are in the cubic foot of each gas the same nmnber 
of molecules, each molecule of oxygen must weigh six- 
teen times as much as each molecule of hydrogen. 

It is much more convenient in all chemical ealcul 
tioQS to use the French system of weights and mea 
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nree; and eincc, tUrougb modern school-books, the" 
names of these measiirea have become quite lamiliar 
to almost every one, I think I can refer to them with- 
out confusion. The accompanying tuble will serve to 
refresh your memory, and may be useful for reference ; 

The metre is approximatdy the ttt. oo ' q . ouo i"^ of c- 
gvadrant of a meridian of the earth ineaawr&ifrom tha 
pole to the equator. 

The metre equals 10 decimetres or 100 centimetres. 

The cubic metrCf or stere, equals 1,000 cubic deci/?nt 
trea or litres. 

The cubic dedinetre, or litre, equals 1,000 cubic cen- 
Umetres. 

The gramme is the leeight, in vacuo, of one cuMd 
cen^metre of water at 4° centigrade {the point of n. 
mum density). 

The kilogramTne equals 1,000 grammes, and is, t?ier6 
fore, the weight of one cubic deoimeire or litre of u 
under the same condiidons. 

The crith is the weight, in vacuo, of one Hire qf 
hyd/rogen gas at 0° centigrade {the freesing-point of 
toaier), and at T6 centimetres {the normal height of th 
haroTneter). It equals 0.09 of a gramme very nearly. 

Tlie metre is equal to S^feet nearly. 

The litre is equal to l^pimt nearly. 

The gramme is equal to 15^ grains neavly. 

The JcilograTwme is equal to %^ pounds nearly. 

The convenience of the French system depends nofc 
at all on any peculiar virtue in the metre (the standard 
of length on which the Hystem is based), but upon the 
two circumstances — 1. That all the standards are divided 
decimally so as to harmonize with our decimal arithme- 
tic ; and, 2. That the measures of length, volume, and 
weight, are connected by such ehnple relations that an^^^ 
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one can be most readily reduced to either of the other 
two. In order to make clear these last relations, I mnst 
aak you to distinguish between two temiB which are 
constantly confounded in the ordinary use of langnage, 
namely, density and specific gravity, 

The density of a substance is the amount of matter 
in a unit-volume of the substance. In the English sys- 
tem it is the weight in grains of a cubic inch, and in the 
French system the weight in grammes of a cubic centi- 
metre. Thus the density of wrought-iron is 1,966 
grains English, or 7. 788 grammes French. So also the 
density of water at 4° centigrade {the point of maxi- 
mum density) is 352.5 grains, or 1 gramme. 

The specific gravity of a substance is the ratio be- 
tween the weight of the substance and that of an equal 
volume of some other substance taken as a standard. 
For liquids and soHds, water is always the standard 
selected, and the specific gravity, therefore, expresses 
how many times heavier the substance is than water. 
It can evidently be found by dividing the density of 
the substance by the density of water, because, as we 
have just seen, these densities are the weights of equal 
volumes. Hence the specific gravity of iron equals — 

13 HE grains T.788 grammea _ ^ „gg J 

252.5 grains 1 gramme ^M 

Of course, the specific gravity of a substance will bo^ 
expressed by the same number in all systems ; and, fur- 
ther, in the French system, as the example just cited 
shows, this number expresses the density as well as the 
specific gravity. Density, however, is a weight, while 
specific gravity is a ratio, and the two sets of numbers 
are identical in the French system only because in that — 
system the cubic centimetre of water has been selected 
as the unit of weight. 
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In the French system, then, the same number ex- 
presses both the specific gravity and also the weight of 
one cubie centimetre of the substance in grammes ; and, 
Bince both 1,000 grammes = 1 kilogramme, and 1,000 
cubic centimetres = 1 litre, it expressea also the weight 
of one litre in kilogrammes. These relations are shown 
in the following table : 

Tim specific gravity of a liquid or solid shows hmo 
rrumy times heamer the body is tJuin an eguai voluTne 
of water at 4° aeniigrade. The same number expresses 
also ike weight of one cubic centimetre of tfte avhstance 
in grwnvmes, or of one litre in kUogi'ammes. 



Bp.G, 
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The black squares are supposed to represent cubic 
centimetres. If asBUmed to represent cubic decimetres, 
then the wei^ts which measure the densities would be 
in Wlogrammea instead of grammes. It will now be 
seen how simple it is in the Trench system to calculate 
weight from volume. When the specific gi-avity of a 
substance is given, we know the weight both of one 
cubic centimetre and of one litre of that substance, and 
we have only to multiply this weight by the number 
of cubic centimetres, or of litres, to find the weight of 
the given volume. Thus the weight of a wrought-iron 
boiler-plate ^ centimetre thick, and measuring 120 ceu- 
timetroB by 75, would be — 

0.5 X 120 X 75 X 7.T88 = 85,048 grammes. 

In general — 

■ff.=T.xSp.Gr. 



73 



HOW MOLECOLES AKE WEIGHED. 



When V, IB given in cnbie centimetres, the resultiii 
weight will be in grammea ; when in litres, the weigl 
will be kilogrammes. 

In estimating the epecifie gravity of gases, we avoiM 
large and fractional numbers, by Beleeting, as o 
ard, hydrogen gas, which is the lightest form of i 
ter known; btit we thus lose the advantage gained 1 
having the unit-volume of om- standard the unit o 
■weight. It is no longer true that 'W".=V. xSp. Gl^ 
In order to preserve thia simple relationship, it baa 
been found convenient to use in chemistry, for estimat- 
ing the weight of aeriform substances, another 1 
called the erith. The crith is the weight, i 
of one htro of hydrogen gas at 0° cendgr 
with a tension of 76 centimetres. It is equal to 0.01 
of a gramme nearly. We may now define the densin 
of a gas as the weight of one litre of the substance 4 
criths, and its specific gravity as a number which shows" 
how many times heavier the aeriform substance is than 
an equal volume of hydrogen under the same condi- 
tions of temperature and pressure. We always- esti- 
mate the absolute weight of a gas under what we call 
the standard condition, namely, when the centigrade 
thermometer marks 0°, and the barometer stands at 76 
centimetres. But, in determining the specific gravity 
of a gas, the comparison with the standard gas may be 
made at any temperature or pressure, since, as all gases 
are affected alike by equal changes in these conditions, 
the relative weights of equal volumes will not be altered 
by such changes. The subject may be made i 
clear by the following table : 

77i£ specific gramty of a gas shows how many tint 
heavier the aefiform suhstance is than an eqital \ 
qf hydrogen gas VTider the same, conditions of tempt 
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•e and pressure. 
igM m crUh. 
i condituma. 



The same number also expresses the 

of one litre of the gas under the stand- 




!Now we have again W. =V. xSp. Gr., only we 
muBt remember that W. here standB for a certain aum- 
ber of criths, V, for a certain number of litres, and Sp. 
Gr. for the epecific gravity of the gaa referred to hy- 
drogen, a number which also expresees the weight of 
one litre of the gas in criths. 

To return now to the Bubject of molecular weights. 
If one litre of hydrogen weighs one crith, and one litre 
of oxygen sixteen criths, and if both contain the same 
number of molecules, then each molecule of oxygen 
must weigh sLiteen times as much as each molecule of 
hydrogen. Or, to put it in another way, represent by 
n the constant number of molecules, some billion bill- 
ion, which a litre of each and every gas contains, when 
under the standard conditions of temperature and 
pressure. Then the weight of each molecule of hydro- 
gen will be - of a crith, and that of each molecule of 
taygen — of a crith, and evidently 

D n 
that is, again, the weights of the molecules have the 
game relation to each other as the weights of the eqnal 
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gas-volumes. Excose such an obvious demonstration, 
bat it is so important tliat we sliould fully grasp tliis 
conception that I couJd not safely pass it by with a few 
words. It 18 80 con8tantly tbe case that the simplest 
processes of arithmetical reasoning appear obscure when 
the objects with which they deal are not familiar. 

Since, then, a molecule of any gas weighs as mnch 
more than a molecule of hydrogen, as a litre of the 
same gas weighs more than a litre of hydrogen, it is 
obvious that, if we should select the hydrogen-molecule 
as the unit of molecular weights, then the number rep- 
resenting the specific gravity of a gas would also ex- 
press the weight of its molecules in these units. Por 
example, the specific gravity of oxygen gas is 16, that 
is, a litre of oxygeu is sixteen times as heavy as a Ktre 
of hydrogen. This being the case, the molecule of 
oxygen must weigh sixteen times as much as the mole- 
cule of hydrogen, and, were the last our unit of molec- 
ular weights, tbe molecule of oxygen gas would weigh 
16, So for other aeriform substances. In every case 
the molecular weight would be represented by the 
same number as the specific gravity of the gas referred 
to hydrogen. 

Unfortunately, however, for the simplicity of our 
system, hut for reasons which will soon appear, it has 
been decided to adopt as our unit of molecular weight 
not the whole hydrogen-molecule, but the half-mole- 
cule. Hence, in the system which has been adopted, 
the molecule of hydrogen weighs 3 ; the molecule of 
oxygen, which is sixteen timesheavier, 16timeB2, or32; 
the molecule of nitrogen, which is fourteen times heav- 
ier, 14- times 2, or 2S ; and, in general, the weight of the 
molecule of any gas is expressed by a number equal to 
twice its specific gravity referred to hydrogen. Noth- 
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hg, then, can be simpler than the finding of the mo- 
lecular weight of a gas or vapor on this system. We 
Lave only to determine the specific gravity of the aeri- 
form substance with reference to hydrogen gas, and 
double the number thus obtained. The resulting prod- 
uct is the molecular weight required in terms of the 
nnit adopted, namely, the half-molecule of hydrogen, 
"^erhaps there may be soma one who, having lost one 
>r more of the steps in the reasoning, wishes to ask the 
[ueation, Why do you double the specific gravity in 
this method ? Let me answer by recapitnlating. It all 
depends on the unit of molecular weights we have adopt- 
ed. Had we selected the whole of a hydrogen-molecule 
SB OUT unit, then the number expressing the specific grav- 
ity of a gas would also express its molecular weight ; 
but, on account of certain relations of our subject, not 
yet explained, which make the half- molecule a more 
convenient unit, wo use for the molecular weights a 
Bet of numbers twice as large as they would be on 
■what might seem, at first sight, the simpler assumption. 
In order to give a still greater defiuiteness to our 
conceptions, I propose to call the unit of molecular 
weight we have adopted a microorith, even at the risk 
of coining a new word. We already have become 
.familiar with the criih, the weight of one litre of hy- 
tgen, and I have now to ask you to accept another 
.it of weight, the half hydrogen-molecule, which we 
call for the future a microcrith. Although a unit 
a very different order of magnitude, as its name im- 
thc microcrith is just as real a weight as the 
ith or the gramme. We may say, then, that 
A molecule of hjdrogea weighs S microoritha. 
" oxygen " 83 " 

" nitrogen "28 " 

" chlorine " 71 " 
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Now, what I am most anxiona to impress upon 
your minds 13 the truth that, if the moloccles, as we 
believe, are actual pieces of matter, these weights are 
real magnitudes, and that we have the same knowl- 
edge in regard to them that we have, for example, in re- 
gard to the weights of the planets. The planets are visi- 
ble objects. We can examine them with the telescope ; 
and, when we are told Jupiter weighs 320 times as 
much as the earth, the knowledge seems more real to 
US than the inference that the oxygen-molecule weighs 
32 microcritha. But you must remember that your 
knowledge of the weight of Jupiter depends as wholly 
on the law of gravitation as does your knowledge of 
the weight of the molecules of oxygen on the law of 
Avogadro. You cannot, directly, weigh either the 
large or the small mass. Tour knowledge in regard 
to the weight is in both cases inferential, and the only 
question is as to the truth of the general principle on 
which your inference is based. This truth admitted, 
your knowledge in the one ease is just as real as it 
is in the other. Indeed, there is a striking analogy 
between the two. The units to which the weights are 
respectively referred are equally beyond the range of 
our experience only on the opposite sides of the com- 
mon scale of magnitude ; for what more definite idea 
can we acquire of the weight of the earth than of the 
molecule of hydrogen, or its half, the inicrocrith ? It ia 
perfectly true that, from the experiments of Maskelyne, 
Cavendish, and the present Astronomer-Royal of Eng- 
land, we are able to estimate the approximate weight 
of the earth in pounds, our familiar standard of weight ; 
and 80, from the experiments of Sir W. Thompson, we 
are able to estimate approximately the weight of the 
hydrogen -molecule, and hence find the value of the 
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^Kdcrocrith in fractions of the crith or gramme' It is 
^■true that the limit of error in the last case is very much 
larger than in the first, but this difference is one which 
future investigation will in all probability remove. 

I have dwelt thus at length on the definition of 
molecular weight, because, without a clear conception 
of this order of magnitudes, we cannot hope to study 
the philosophy of chemistry with succesB. Our the- 
ory, I grant, may all be wrong, and there may be no 
such things as molecules ; but, then, the philosophy of 
every science assumes similar fundamental principles, 
of which the only proof it can offer is a certain har- 
mony with observed facts. So it is with our science. 
The new chemistry assumes as its fundamental pos- 
tulate that the magnitudes we call molecidcs are reali- 
ties ; but this is the only postulate. Grant the postu- 
late, and yoa will find that all the rest follows as a 
necessary deduction. Deny it, and the " New Chemis- 
try " can have no meaning for you, and it is not worth 
your while to pui-sue the subject further. If, therefore, 
we would become imbued with the spirit of the new 
philosophy of chemistry, we must begin by believing 
ill molecules ; and, if I have succeeded in setting forth 
in a clear light the fundamental truth that the mole- 
cules of chemistry are definite masses of matter, whose 
weight can be accurately determined, our time ha3 
been well spent. 

Before concluding this portion of my subject, it only 
remains for me to illustrate the two most important 
practical methods by which the molecular weights of 
Bubstanees are actually determined. It ie evident from 

* Accocdiog to TliompsDii, one cubic inch of any perfect gas euctBins, 
r standard conilitians. 10" moleculea. Hence, one litre conCaine 
K UP moleculea eod 1 crith = 322 x ID" miorociiths. 
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■what has been said that we can easily find the molee 
]ar weiglit of any Bubetance capable of existing in I 
Btate of gas or vapor, by simply determining experi- 
mentally the Bpeeitic gravity of such gas or vapor with 
reference to hydrogen. Twice the number thus ob- 
tained ifl the molecular weight required in mieroeriths. 

Kow, the specific gravity of an aeriform substance 
is found by dividing the weight of a measured volume 
of the substance by the weight of an equal volume of 
hydrogen gas under the same conditions. This simple 
calculation implies, of course, a knowledge of two 
quantities : first, the weight of a measured volume of 
the substance, and, secondly, the weight of an equal 
volume of hydrogen gas under the same conditions. 
Of these two weights, the last can always be calculated 
(by the laws of Mariotte and Charles) from the weight 
which a cubic decimetre of hydrogen, under the stand- 
ard conditions, is known to have, namely, 0.0896 
gramme or 1 crith ; so that the method practically re- 
solves itself into weighing a measured volume of the 
gas or vapor and observing the temperature and press- 
ure of the substance at the time. There are always at 
least four quantities to be observed ; first, the volume of 
the gas or vapor ; secondly, its weight ; thirdly, its tem- 
peratui-e ; fourthly, its tension ; and, lastly, the weight 
of an equal volume of hydrogen, under the same condi- 
tions, is to be calculated from the known data of seienee. 

The most common case that presents itself is that 
of a substance which, though liquid or even solid at 
the ordinary temperature of the air, can be readily 
converted into vapor by a moderate elevation of tem- 
perature; such a substance, for example, aa alcohol. 
Now, we can find the weight. of a measured volume of 
such a vapor at an observed temperature and tension 
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an one of two 'wayg, both of wliich are ia general use. 
Bh the first process we mi a glass globe of known sise 
ndth the vapor, and weigh this measured volume. In 
pLe Becond, vie weigh out in a liliputian glass bottle a 
nmall quantity of the sabatance, and, having converted 
Kie whole of it into vapor, we meaBure the volume 
nrhich it yields. 

The first process, devised by Dumas, of Paris, and 
inown by his name, is conducted as follows : "VVe take 
a glass matrass (a thin glass globe, with a long neclc), 
and, heating the neck in a glass-blower's lamp (as near 
to the body of the matrass as possible) we draw it out 
into a capillary tube, three or four inches long. Hav- 
ing first weighed the glass, we introduce into the globo 
a few table-spoonfuls, we will say, of pnre alcohol; and 
this we can readily do by alternately heating and cool- 
ing the vessel. We then mount the globe in a brass 
frame, and sink it under melted paraffine, but so that 
the capillary opening shall rise above the surface of 
the hot b'quid. A common iron pot serves to hold the 
paraffine (Fig. 18), which is heated over a gas-lamp, 
and a thermometer dipping in the bath enables us to 
watch the temperature. 

Of course, the alcohol ia soon volatilized, and the 
balloon filled with its vapor. The excess escapes 
through the capillary tube, and, by lighting the jet, we 
can tell when the vapor in the globe is in equjlibriom 
"with the external air, for at that moment the flame 
will go out. We now, with a blow-pipe, melt the 
glass around the opening of the capillary tube, and 
thuB hermetically seal up the vapor in the globe. At 
the same time we note the height of the barometer 
and the temperature of the bath. The height of the 
barometer gives us the tension of the vapor in the bftl- 
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loon, because, at the moment of sealing, tlie tensiol 
was equal to tho pressure of the air which the barome-" 
ter directly measures, and the temperature of the va- 
por must be the saone as the temperature of the bath. 




if flndluB the Specific Gmvlty of Vspo™, 

"We can now remove the globe, and, after it is 
cooled and carefully cleaned, weigh it at our leisure. 
We must remember, however, that the apparent weight 
of the globe in the balance is not its true weight, be- 
cause, lil;e a balloon, the globe is buoyed up by the air 
it displaces, and we must therefore correct the ob- 
served weight by adding to it the weight of the air 
displaced. This correction our knowledge of the weight 
of air under varying conditions enables us to calculate 
with the greatest accuracy, assuming, of coarse, that 
the volume of the globe is known ; and, when, from 
the weight of the globe thus corrected, we subtract the 
weight of the glass previously found, the remainder is 
the weight of alcohol-vapor which just filled the globe 
at the moment of seaUng, and when it had the tem- 
perature and pressure we have noted. 

Of the four quantities required, we have now 
served three, namely, the weight of the vapor, its t\ 
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peratore, and its tension. "We also know tbat i' 
ume was that of tlie globe when we sealed up its 
mouth. Since, however, we use a new globe for each 
determination, we have always to measure its volume, 
and this, practically, is the last step of the process. 
The volume is most readily found by filling the globe 
with water, and weighing. The weight of the water 
in grammes gives the volume of the globe in cubic 
centimetres very closely. The globe, moreover, is 
easily filled, because the condensation of the vapor, on 
cooling, leaves a partial vacuum in the interior, into 
which tbe water rashes with great violence as soon as 
the tip is broken off under the surface of the liquid. 
Omitting certain small corrections which it is not best to 
diaeuBS in this general exposition of the subject, we may, 
lastly, arrange our calculation in the following form : 

Determination of the Molecular weight of Alcohol, hy 
Duma^ Method. 



Volnme of glaaa globe 

Temperature at time of closing 

Height of barometer measuring the ten- 
sion of vapor at time of closing 

Weight of globe and vapor 

Coireotioo for bnojancy, equal to weight 
of GOO oabic centimetres of air at 0° 
cent, and 73 centimetres, the tem- 
perature and pressure in the balance- 
CQSD when the globe 



Weitrht of glasB, 

Weight of Blcobol-vapor 

Weight of OOO onbio centimetres of hy- 
drogen gas at 2T3°, and 76 c. n. 
found bj calculation, as eipliuned 

above 

5.75 -=f 0.25= 23 sp. gr. of alcohol- vapor. 
S3 X 3 = 46 molecular weight of alcohoL 



500 cnbic centimetres, 
ara" centigrade. 
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The eecond process to which I referred was origi- 
nally invented by Gay-Liiesac, but recently Uas been 
very greatly improved by Prot'easor Hofmann, of Berlin, 
Hofmann'a apparatus (Fig. 19) consiste of a wide barom- 
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eter - tube, about a metre long, and graduated into 
cubic centimetres. This tube is filled with mercury, 
and inverted over a mercury-cistern, as in the experi- 
ment of TorricelH (Fig. 20). The raercuiy Binks, of 
course, to the height of about 76 centimetres, leaving 
a vacuous space at the top of the tube, and into this 
epace is passed up a very small glass-stoppered bottle, 
containing a few criths of the substance to be esperi- 
mentod on. Around the upper part of the tube is ad- 
justed a Eomewbat larger tube, also of glass, which 
eervea as a jacket, and through this is passed steam 
(or the vapor of a licjoid boiling at a higher tempera- 
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hire tlian water), in order to beat the apparatus to a 
constant and known temperature- 
Let us suppose that the substance, whose molecular 
weight we now wish to find, is common ether. We 




te^ by weighing our little bottle, first when empty, 
and then wlien filled with ether, thns determining, with 
great accuracy, the weight of the quantity of ether 
used. With a little dexterity we next pass the bottle 
under the mercury into the baroineter-tnbe, when it 
at once rises into the vacuous space. We now pass 
free steam through the jacket, until we are sure that 
the temperature of the apparatus is constant at, say, 
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100" centigrade. The ether, expanding with the heat, 
soon forces out the glass stopper by which it was con- 
fined, and evaporates into the space above the mercury, 
depressing the column. At first the column oscil- 
lates violently, but it soon comes to rest, and we can 
then read on the graduated scale the volume of the 
vapor which the weight of ether taken has yielded. 
This vapor is evidently at the temperature of boiling 
water, or 100° centigrade ; but what is its tension ? 

The method of measuring the tension wCl be ob- 
vious if you reflect that, in this apparatus, the presa- 
nre of the air on the surface of the mercury in the cis- 
tern is balanced by the mercury column in the tube 
and the tension of the vapor pressing on the upper 
surface of this column. Hence, the height of the col- 
umn in the tube will be less than that of a true barom- 
eter in the neighborhood by just the amount of this 
tension. In order to find the tension, we have, there- 
fore, only to observe the height of the barometer, and 
subtract from this the height of the column in our tube, 
which we must now measure with as much accuracy as 
possible. Omitting, as in the previous example, a few 
small corrections, our calculation will now appear thus : 

Determination of the Molecular vieight of Ether hj 
Gay-lMsia<?a method, improveti by Jloffnann. 

Weight of ether taken 2.639 oriths, 

Volnme of vapor formed 126 cnbio centiraotrea. 

Temperature of vapor 100° centigrade, 

Heiglit of barometer V6 c. m. 

Height of column in tnbe 19 o. in. 

Tension of vapor 57 centimetree. 

Weight of 125 cubic centimetres of h;- \ 

drogen gas at 100° and G7 centime- > 0.OS86 of a crith. 

tfTea, hj calculation } 

2.5S9 -h 0,0686 = 37 sp. gr. of ether. 
8T X 2 = 7i molecular weight oi et>ieT. 
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As lias been stated, the two methods of determining 
molecular weight, juat described, apply only to those 
Bnbstances which can be readily volatilized by a moder- 
ate elevation of temperature. With some slight modi- 
fications, the first method may likewise be used for the 
permanent gases ; and, by employing a globe of porce- 
lain, the late St.-Claire Deville succeeded in determin- 
ing, in the same way, the molecular weight of several 
sul)stance3 which do not volatilize under a red heat. 
More recently Victor Meyer has devised a very ingen- 
ious method ' of determining the specific gravity of 
vapors, which, being independent of the temperature, 
can be used at the highest temperatures that the required 
vessels can be made to withstand ; and by means of an 
apparatus of platinum, heated in a powerful furnace, 
he has been able to extend very considerably our knowl- 
edge in the same direction. But a great number of 
anhstances cannot be volatilized at all within any man- 
ageable limits of temperature, and a still larger number 
are so readily decomposed by heat as to be incapable 
of existing in the aeriform condition. The molecular 
weight of such bodies cannot, of course, be determined 
by direct weighing. In most cases, however, we are 
able to infer with considerable certainty the molecular 
weight of these non-volatile bodies from a knowledge 
of their composition and other chemical relations ; hut, 
nevertheless, there are numerous instances in which the 
conclusions thus drawn are very questionable, and a 
great deal of the uncertainty, which still obscures the 
philosophy of our science, arises from this circumstance. 
' For a descripttun of this method Bee nutbor's "Chemical Philoso- 
phy," reviaed edition, 18S2, page 36, 



LECTURE IT. 



LAW OF CONSEEVATIOH OF M4BS, LAW OF D] 
PORTIONS, AND LAW OF GAT-I 

All the proeeBses we have Btttdied thus far hare ni 
involved any change o£ substance in the materials em- 
ployed. The liquid or crjstalliue films, which in some' 
of OUT experiments produced euch gorgeous phenomena 
of color, were not altered thereby. The bits of iron 
which became polarized by the influence of magnetism 
still remained metalHc iron. The liquid which was 
crystallized in the anow-flakea, or converted into steam 
in our glass flaslt, remained the same familiar Bubstauce, 
water, in all these eonditiona. Such processes as these 
we call, in general, physical processes ; and all modes 
of motion, and all mechanical processes of the arts by 
which varions materials are converted into useful shapes 
without altering their substance, belong to this category. 

There is another class of processes, however, and 
even a larger class, whose very essence consists in the 
change of one or more substances into wholly different 
aabstances. These processes are frequently accompanied 
by striking physical phenomena, such as the develop- 
ment of electricity, heat, or light ; but the essence of 
the process is always a change of substance. Such pro- 
cesses we distinguish as chemical processes, and we speak 
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of chemical cTiangee, or of chemiodl phenomena, or of 
eheviical qualities, understanding by the term chemical 
such processes, such changes, such phenomena, or Bach 
qualities, as cannot be manifested withont a change of 
Buhstance ; that is, a change so f andamental that we al- 
ways give to the products of the change difEerent naniea 
from those of the materials, or factors, with which the 
change began. 

The elements of every chemical change are these : 
1 . One or more substances called ih.e factors, with which 
the change begins ; 2. One or more substances called 
the producte, with which the change ends. As just 
Baid, the chemical change may be accompanied with 
the manifestation of striking physical phenomena, as 
the burning of gunpowder, with the rush of a cannon- 
ball ; the burning of coal, with the development of heat ; 
or the solution of zinc in the acid of a voltaic battery, 
with the flow of an electrical current : but these are not 
the phenomena which it is the special province of the 
chemist to study — he leaves these to t)ie physicist ; bat, 
on his part, he inquires in every case what are the fac- 
tors and what are the products of the change ; and, when 
a new process is discovered, he is not content until he 
can clearly point out all the substances that enter into 
the process, as well as all the substances that are formed 
by it. 

At first sight chemical processes are frequently very 
obscure, and one great reason is, that we live in an at- 
mosphere which is a niixtnre of two invisible aeriform 
substances, named nitrogen gas and oxygen gas, and 
these sul«tances, especially the last, are constantly en- 
tering as factors into chemical processes without our 
noticing the circumstance ; and, again, the products of 
Bucb processes, when aeriform, often escape notice by 
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mmgling with the great volume of the air, Now, that 
we are on our guard, we are seldom deceived by the in- 
tervention of the atmosphere ; but in former timea, when 
the qualities and relations of aeriform bodies were little 
known, eo great was the obscurity thus caused, that even 
the familiar processes of combustion have not been Tin- 
derstood until within a centuiy. These processes of 
combustion will furnish the best means of illustrating 
the general principles and facts we have just stated. 

The burning of a log of wood is a chemical process, 
because, in burning, the material we call wood, together 
with a quantity of oxygen gas from the atmosphere 
disappear, and other substances, which in the aggre- 
gate we call smoke and ashes, appear in their place, 
Our fathers overlooked wholly the oxygen gas, and 
made a small account of the smoke, and it is no won- 
der that they misunderstood the process ; but now we 
know all the factora and all the products. Here both 
the factors and the products are complex, for wood ia 
an organism containing other substances than wood- 
fibre, and smoke, although consisting chiefly of aqneoUB 
vapor and carbonic dioxide gas, carries various empyren- 
matic products. A buraing candle, especially if it con- 
sists of some definite substance, will give a more apt 
illustration. Here the products are two definite sub- 
stanees, oxygen gas and the material of the candle ; and 
tlie products two equally definite substances, aqueoua 
vapor and carbonic dioxide. That these products are 
actually escaping from this candle-flame, I can easily 
show you. If I hold a cold glass bell over the flame, 
the inner surface soon becomes bedewed, and after a 
while drops of liquid water run down the sides. Car- 
bonic-dioxide gas, or carbonic acid, as it is often called, 
may not be to every one as familiar a substance as water, _ 
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I but it ia equally common. It is tlie gas which 
from all effervescing drinks, and it has one characteris- 
tic property ; it immediately renders a solution of lime 
(hme-water) turbid if brought in contact with the liquid. 
I uncork some bottled beer and pour it into a tall glass. 
As the effervescence subsides, a colorless gas collects in 
the upper part of the glass ; for tho gas h so heavy that 
it only quite slowly diffuses into the atmosphere. This 
leavy gaa is carbonic dioxide, the substance of which 
I have been speaking. Into another tall glass I pour 
some clear lime-water, and now fill up the glass with 
carbonic dioxide, which I can readily pour off from the 
top of the beer ; and notice that, when I shake up the 
carbonic dioxide gas with the lime-water, the last be- 
comes very turbid, owing, in fact, to the formation of 
chalk. Now, let us test the products of the burning 
candle which we have been collecting in the glaaa 
,T)ell. I invert the hell, pour into it some of the same 
dear lime-water, which at once becomes turbid as be- 
fore. 

What is true of the chemical process we have just 
studied is true of all chemical processes. There are 
always one or more factors and one or more products, 
and it is one of the great objects of chemical investi- 
gation to find out what are these factors and what are 
these products. Moreover, so great have been the ad- 
vances in chemical knowledge during the last century 
that we actually do know what are the factors and what 
are the products in almost all the chemical processes 
which occur in Nature or can be produced by art. Fui^ 
thermore, wo have discovered two all-important and 
fundamental laws which govern chemical changes, and 
to these I wish to direct your special attention. 

The first of those laws appears in the fact, univer- 
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saJly observed, that in every cliemical reaction tlie simi 
of the weigiita of the products is exactly equal to the 
sum of the weights of the factorB, Thus, with the hum- 
ing candle the weight of the carbonic dioxide and 
water formed is exactly equal to the weight of the 
material of the candle and of the oxygen gas consumed. 
Although in this familiar experiment it is easy to deter- 
mine the weight of the carbonic acid and water formed, 
and also the weight of the material of the candle burned, 
it would be impracticable to weigh directly tlie quan- 
tity of oxygen withdrawn from the atmosphere in the 
process ; and, in order to illustrate the great law under 
consideration, we must tnm to a simpler although a less 
familiar experiment. 

In this glass bulb I have a known weight of a black 
powder called oxide of copper. Connected with it on 
one side is a gasometer containing hydrogen gas, and 
so arranged that I can measure the exact volume of 
gas delivered. On the other side is connected an ab- 
sorption-tube which will retain all the water that passes 
into it; and, finally, the absorption-tnbe leads into a 
second gasometer, which will hold and enable me to 
measure the volume of hydrogen which escapes uncon- 
sumed. The experiment consists simply in this : "We 
gently heat the glasa bulb containing the o.xide of cop- 
per with the flame of a lamp, and then slowly pass a 
stream of hydrogen gas through the apparatus from 
one gasometer to the other. We soon see that out of 
the black powder a red metal is formed in the bulb, 
which we recognize instantly as copper; we see also 
that vapor of water passes over into the absorption-tube 
where it is all retained ; and we further find, after the 
most searching examination, that water is the only other 
product. The chemical process may be stated, very 
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■iamplj, thns : oxide of copper and hydrogen gas yield 

■ metallic copper and water. 

I FBrther, the parts of the apparatns are so arranged 
I that they can be taken apart and accurately weighed 
I both before and after the experiment, and wo thna 
fleam the weight both of the metallic copper and of the 
I Trater formed, and also the weight of the oxide of eop- 
B.per used. The weight of the hydrogen gas consumed 

■ we caa calculate, knowing tho volume that has disap- 
Ipeared, by a oompanBon of the two gasometers, and wo 

■ then shall find that — 

I Wslgbt ot Futon. Weight of Fndiuta. 

H Hjdrogvn Qu ud Oiiite at Coppu - MoMllla Copper and Wilsr. 

bud this is simply an lUnBtration of a universal truth 

Bhrhich all chemical investigation conBrms. 

B In discnssing this subject wo must be very careful 

not to confound the two uses of the word weight. An 

Boanee or a pound weight may be either a measure of 

Horce or a measure of quantity of material. When we 

huee a " h undred- weight " with cord and pulley to meas- 

Hire the strength of a man's muscle, we simply balance 

Riis muscular force against the force of gravitation, wliich 

draws that mass of iron toward the centre of the earth, 

and this force varies to a limited extent as we move 

over the surface, slightly increasing as we travel from 

the equator toward the pole ; and we know that if wo 

could carry the same mass of iron to the surface of 

other planets we should find that, while on the moon 

the strength of an infant's arm would be adequate to 

lift it, on Jupiter the jMwer of a Hercules would be 

iDflnfficient to stir it from the ground. Such a weight 

is a fixed measure of force only so far as the force of 

gravitation is invariable. 

Id chemistry we seldom have occasion to use weights 
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as a raeaaure of force, and, when we speak of a cert 
weiglit of material, we refer to a definite qaantity 
that material. We weigh out one hundred pounds of 
sugar by placing the " hundred-weight " in one pan of 
a balance and adding engar to the other pan, until the 
point of equilibrium ia reached, and we then Lave an 
invariable quantity of sugar, the same in all places and 
under all conditions ; for, however much the force of 
gravitation may vary, the effect on the sugar would be 
the same as the effect on the weights, and the equi- 
librium would not be disturbed. Moreover, since the 
amount of material is exactly proportional to its weight 
thus estimated, fifty pounds of sugar being exactly one 
half as much materiij as one hundred pounds of sugar, 
weight becomes the measure of material without any 
reference whatever to the force of gravitation, which 
is, as it were, the medium of the measurement. When 
■we speak of a certain weight of material, whether it be 
sugar, coffee, or iron naib, we convey the idea simply 
of a certain qtiantity of material and nothing more ; and 
in order to avoid the confusion which is apt to arise 
from the double meaning of the word weight, it is cus- 
tomary in the science of physics, when we wish to desig- 
nate the amount of material in a body, to use the word 
mass. In the experiment we have just described we 
should say that the mass of the oxide of copper and 
hydrogen gas together was exactly equal to the united 
masses of the copper and the water, or, in general, that 
in every chemical reaction the mass of the products 
■was equal to the mass of the factors. On a former 
occasion I have spoken of this general truth as the Law 
OF THE CoHSEEVATioN OF Masb. The fitncss of the 
presaion is obvious, and it appears to have been v( 
generally accepted. 
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The law of conservation of mass in chemical 
f a principle 



ceBses is the extension c 



e which if 
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pro- 



lb vious, 
in all processes wliere there is no change of substance, 
that it almost seems self-evident. "When an ingot of 
gold is coined, the amount of metal in the coins is pre- 
cisely the same as that which was formerly in the bar. 
Moreover, the material of the coins is actually the same 
identical material as was formerly in the ingot. Is it, 
then, also true that the materials of tho water and copper 
which were the products of the chemical process just 
studied, are also actually the same as the materials of 
the oxide of copper and hydrogen gaa from which those 
products Were formed? The most obvious inference 
would be that the products are in fact formed of tlie 
same material as the factors, and that mass is an attri- 
bute of matter underlying those accidents in which sub- 
stances differ ; but we must be careful to distinguisb this 
inference from the great law of conservation of mass, 
which is an estabhshed fact of Nature. 

In all chemical processes it is not only true that the 
sum of the weights of the products is equal to the sum 
of the weights of the factors, but it is also true that 
the weights of the several products and factors stand in 
a definite relation to each other. Thus, in our previ- 
ons illustration, it ia not only true that the weight of 
the oxide of copper, plus the weight of the hydrogen 
gas, equals the weight of the copper, plus the weight of 
the water, but it is further true that — 

Welehtof Weight of . Woleht of . Woldhl of _ k-o q , , . no o ■ 1 n 

OlMe of CoppM ■ Hydtogon Ou ■ Coppor ■ WaMr — "'-'' ■ ^ ■ '"*•>' ■ •■'' 

and this relation is invariable. This is a single exam- 
ple of a general principle wliich is called the Law of 
DEFraiTE Pkopobtions. We might multiply such ex- 
amples to an imlimlted extent, for they are as nnmer- 
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ous as are the known definite chemical proceBses. This,* 
however, is unnecessary at this time ; for not only ia the 
example cited a very apt illnstration of the principle 
under discussion, but, moreover, we shall repeatedly 
meet with similar examples as we proceed in our course. 
Furthermore, as we shall find, the science of chemistry 
enahles us to predict what in any ease these proportions 
will be, BO that the law of definite proportions will come 
to appear as self-evident as the law of conservation of 
mass. But this is to anticipate, and it is sufficient for 
tlie present if we have fuUy grasped the great funda- 
mental conception of chemistry which we have named 

The Law of DEFcnTE Pkopoktions, 
In order to complete this portion of my subject, I 
must, before closing my lecture, ask your attention to 
another general principle, as fundamental and as fully 
based on observed facts as the two we have already 
studied. The general truth to which I refer may be 
stated thus: Wltenever in a chemical process two or 
more of the factors or products are either aerifoT^m, 
or capable of existing in the state of vapor, we always 
jmd that the definits proportions observed in the chemi- 
cal process are either th^ proportions of the vapor or gas 
densities, or else som^ simple multiple of these propor- 
tions. Thus, in the esperiraent to which we have so 
frequently referred in this lecture, the hydrogen gas 
and water which fulfill the necessary conditions have 
the relative gas or vapor densities of 1 : 9, and you notice ■ 
that— 

Tai-htof Weighlof Density of Deniltyof 

n^drogeu Wutur B'ydrogoD SleAm 

3 : 18 = 1 : 9, 

and BO in all eases. A different phase of this law was 
first observed by Gay-Luesac, but, as he saw the truth 
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from a somewhat different point of view, he expressed 
it in a different way. Still, the general principle in- 
volved in the two statements is the same, and we may, 
therefore, designate this third law as the law of Gay- 
Lnssac. Pass now to the inference which, after what 
we have learned, the general truth just stated suggests. 
As we have seen, the ratio of the gas or vapor densities 
of any eubstauces always stands in the direct ratio of 
their molecular weights. Hence, it follows that the 
definite proportions of which we have been speaking 
are always the proportions of the molecular weights of 
the substances involved in the chemical process in qaeB- 
tion, or else some simple multiples of these proportionB. 
In the case we have cited, the ratio of 2 : 18 is the ratio 
of the molecular weight of hydrogen gas to the mo- 
lecular weight of water. In other cases we should find 
that the definite proportion observed in the chemical 
process would be the ratio of the molecular weight of 
one substance to twice or thrice the molecular weight 
of another, and sometimes of twice the molecular weight 
of one substance to thrice the molecular weight of an- 
other; tut the proportions are seldom more complex 
than these, 

Finally, there are three important deductions which 
immediately flow from the principles we have dis- 
cussed : 

In the first place, it will be obvious how veiy greatly 
these chemical facta confirm the molecular theory. Thus 
far we have baaed this theory on physical phenomena 
alone, and we have deduced the molecnlar weights of 
Bubstanees from the densities of these substances when 
in the condition of gas or vapor. Now, we find thess 
same values reappearing in purely chemical phenomena, 
and, if there are such things a^ molecules, we should 
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natnnllj expect that in a chemical ptoeese the actiim 
wonld take place betweea the molecuks of the sab- 
■tanees incolved, and, if to, the detinite proportione ob- 
Berred miuct be some mnltiplee of the relative molecolar 
weighbi, as we find that thej are. 

In the RecoTid pbce, it can easilj be seen that the 
diifiaite proportions observed in chemical proceGeeE ma; 
f^ve the means of correcting the molecaUr weights 
do<]uce<l from determinations of gas or vapor density, 
Huch iletenntnationa can rarely be made with accuracy, 
and there are known to be causes independent of the 
molecular weiglit wliicb influence the density of aeri- 
form mibstancoH to a limited extent. The definite pro- 
(KirtioiiH, on the other hand, can nsually be determined 
with groat accuracy, and are invariable. It is true that 
ill a new problem we may not be able to tell whether 
the pro))ortion is the ratio of the weights of single 
niolticules, or of several molcculcB ; but it gives us an 
«xact ratio, and, by comparing this with the approxi- 
tnuto ratio of the weights of single molecules obtained 
from the gas or vapor densities, we can at once iuter- 
prirt tho rusnlt, and deduce in each case the correct 
value of tho molecular weight sought. Or, in other 
words, the gas or vapor densities give us an approxi- 
mato value of the ratio between the weights of single 
molecules. The definite proportions give us the ex- 
act value of the ratio between the weight of single or 
multiple molecules, as the case may be. By comparing 
tho two we can see at a glance for which of the possible 
mnltiplea the definite proportions stand, and we can 
thisn very easily deduce an accurate value of the simple 
ratio lit Urst only apjiroximately known. 

In tlio third place, the definite proportions observed 
in uliiiulaal prociweea enable us to determine with 
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tain limitations the molecular ■weiglita of non-volatile , 
Bnbstances, to wliich the vapor-density methods are ob- 
viously inapplicable. Thus, in the process described on 
page 90 neither the oxide of copper used nor the metal- 
lic copper formed, is a Bubstanee whose vapor-density 
can be determined. But, in the proportion already 
given — 

Weight of ■WelgM of Weight of Welithl of 



if two microeriths is the rfeight of a molecule of hydro- 
gen gas, then 79.3 must be the weight of a molecule of 
oxide of copper, and 63.3 the weight of a molecule of 
copper, or else tljese two values are multiples of the 
molecular weights ; and with this limitation we can thus 
determine the molecular weights of all similarly non- 
volatile substances. Moreover, in most instances, prin- 
ciples or analogies of chemistry, of which we shall gain 
Bome knowledge as we proceed, enable us to decide 
whether we are dealing with multiple molecules or not. 
There are, however, many cases in which these guides 
are insufSeieut, and then our knowledge is uncertain to 
just that extent. But we have now pushed this discus- 
sion as far as can be profitable at this time. Indeed, I 
fear that you have found it abstruse and dull. But in 
chemistry, as in other sciences, we must apprehend the 
fundamental conceptions before we can advance in our 
study, and you will not regret the tedium it may have 
involved, if you gain a clear conception of the three 
great laws on which the whole supcrstructui-e of chem- 
istiy rests — 

The Law of Conservation of Mass, 
The Law of Defintte Pkofoktion, 
The Law of Gay-Lussac 



LECTURE V. 

CUEMIGAL COMPOSITION — ANALYSIS AND SYNTHESIS — ^THE 

ATOMIC THEORY. 

In my previous lectures I have endeavored to give 
you a clear idea of the meaning which our modem 
science attaches to the word molecule. I must next 
attempt to convey, as far as I am able, the correspond- 
ing conception which the chemist expresses by the word 
atom. The terms molecule and atom are constantly 
confounded ; indeed, have been frequently used as sy- 
nonymous ; but the new chemistry gives to these words 
wholly different meanings. We have already defined a 
molecule as the smallest mass into which a substance is 
capable of being subdivided without changing its chemi- 
cal nature ; but this definition, though precise, does 
not suggest the whole conception ; for the molecule 
may be regarded from two very different points of view, 
according as we consider its physical or its chemical re- 
lations. To the physicist, the molecules are the points 
of application of those forces which determine or modify 
the physical condition of bodies, and he defines mole- 
cules as the small particles of matter which, under the 
influence of these forces, act as units. Or, limiting his 
regards to those phenomena from which our knowledge 
of molecular masses is chiefly derived, he may prefer to 
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define moleculeB as those small particles of bodies wliieh 
are not subdivided when tlio state of aggregation is 
clianged by lieat, and which move as imits under the 
influence of this agent. 

To the chemist, on the other hand, the molecules 
detennine those differences which distinguish sub- 
stances. Sugar, for example, has the qualities which we 
associate with that name, because it is an aggregate of 
molecules which have those qualities. Divide up a 
lump of sugar as much as yon please. The smallest 
mass that you can recognize still has the quahties of 
sugar; and bo it must be, if you continue the division 
down to the molecule. The molecule of sugar is sim- 
ply a veiy small piece of sugar. Dissolve the sugar in 
wjiter, and we obtain a far greater degree of subdivision 
than is possible by mechanical means ; a subdivision 
which, we suppose, extends as far as the molecules, 
The particles are distributed through a great mass of 
liquid, and become invisible ; still, the qualities of the 
sugar are preserved ; and, on evaporating the water, 
we recover the sugar in its solid condition ; and, ac- 
cording to the chemist, the qualities are preserved, be- 
cause the molecules of sugar have remained all the 
while unchanged. 

Consider, in the second place, a lump of salt. Ton 
do not alter its familiar qualities, however greatly you 
may subdivide it, and the molecules of salt must have 
all the saline properties which we associate with this 
substance. Dissolve the salt in water, and yon simply 
divide the mass into molecules. Convert the salt into 
vapor, as you readily can, and again you isolate the 
molecules' as before. But, through all these changes, 
the salt remains salt ; it does not lose its savor, because 
the individuality of the molecides is preserved. Bo is 
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it witli every substance. It is the moleculeB in whicl 
the qualities inhere. Hence the chemist's definition of 
& molecule : The amaUest particles of a substance in 
which its quaiitiea inhere, or the amaUeat particles of a 
siibstance which can seiat hy themselves; for both defi- 
nitions are essentially the eanie. 

Hitherto we have only considered molecules as dif- 
fering from each other in weight, and have learned bow 
to determine their weight ; but now we have to regard 
them aa differing in all those qualities wliidi distinguish 
Buhstances. Considering only the ordinaiy chemical 
relations of the two substances, a molecule of sugar dif- 
fers from a molecule of salt in precisely the same way 
that a lump of sugar differs from a lump of salt. In a 
word, what is true of the substance in maes is true of 
its molecules. Hence it is that, in studying the chemi- 
cal relations of substances, we may, as a rule, confine 
our attention to the relations between their ir.olecules, 
and this very greatly simplifies the problems with 
which we have to deal ; and, in the admirable system of 
chemical notation, to which I shall hereafter call your 
attention, the symbol of a substance stands for one 
molecule, and in using these symbols to represent chemi- 
cal changes — reactions, as we call them — we always ex- 
press the reaction as taking place between the individ- 
ual molecules of the substances concerned. 

But, although the molecules are the limit of the 
physical subdivision of a substance, the chemist carries 
the subdivision atill further; but, then, the parts ob- 
tained have no longer the qualities of the original sub- 
stance, and one or more new substances result. Of 
course, the chemist cannot, any more than the physi- 
cist, experiment on individual molecules. He must 
experiment on a mass of the substance, and the divisioD 



HOW UOLECULES BEOOUB DIVIDED. 



101 



I 



of the molecule must be an inference from the phe- 
nomena which ensue. Let me call your attention to a 
few experiments which will illustrate this point : 

I crush this lump of sugar in a mortar, and rednce 
it to what appears to be an impalpable powder, but a 
microscope will show that the powder consists of grains 
which are simply smaller lumps, and, in tact, masses of 
great size, compared with many organisms which are 
the objects of microscopic investigation. Each one of 
these grains is sugar, and has all the essential qualities 
of sugar just as much as the lump. "We next pour the 
powdered sugar into water, in which, as we say, it dia- 
Eolves ; but the solution eunply consists in dividing the 
grains still more, reducing them to molecules, which 
become spread throughout the mass of the liquid. How 
are we to go any further than this ? Very easily. I take 
a few more lumps of sugar, and throw them into this 
heated platinum crucible, when, in an instant, a re- 
markable change takes place. We have the appearance 
of flame, and out of the sugar is evolved a mass of loose 
charcoal. Evidently, this charcoal must have come 
from the sugar. The crucible is unchanged, and, he- 
Bides the air, the sugar and platinum were the only 
substances present. Let me, however, enforce this con- 
clusion by still another experiment, which is even more 
striking : 

Instead of acting on the sugar simply with heat, we 
will now act upon it with a strong chemical agent called 
sulphuric acid. For this purpose I have previously pre- 
pared about half a pint of very thick syrup, and with this 
I will now mix three or four times its volume of common 
oil of vitriol, constantly stirring the mass as my assist- 
ant pours in the acid. The syrap at oti{'e blackens ; 
soon it begins to swell, and now notice this enormous 
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body of loosely-coherent charcoal which rises from t 
vessel. Here, again, the charcoal mnst have bei 
evolved out of the sugar, for the sugar was the ( 
substance common to the two experuneuts ; and, a 
mitting this fact, see to what it leads. 

Tlie qualities of sugar inhere in its smallest particles, 1 
and must belong to the molecules just as truly as to I 
these lumps. In our experiment the charcoal has been 
evolved out of a considerable mass of sugar ; but the 
result would have been the same coold we expei-iment 
on the individual molecules. It ia evident, therefore, 
that the charcoal has been formed out of the sugar- 
molecules, and that each molecule has contributed its 
portion to this result, Ifow, this charcoal, aliliovgh so 
iuIJcy, weighs far less than the sugar. It could, then, 
have formed only a part of the mass of the sugar, and 
only a part of the mass of each molecule. But what 
has become of the rest of the material \ For the pres- 
ent, it must be sufflcient to state that careful experi- 
menting has shown that, in this process, another sub- 
etauee is evolved from the sugar besides charcoal, and 
that this substance is water. Moreover, since the weight 
of the water, added to that of the charcoal, entirely ac- 
counts for the material of the sugar, we conclude that 
in our experiment the sugar has been resolved solely 
into charcoal and water. Each molecule, therefore, has 
been resolved into charcoal and water. In a word, the 
moleciile has been divided. We cannot divide it by 
any physical means ; but we can divide it by chemical 
means, only we do not obtain thereby two smaller par- 
ticles of sugar, but a particle of charcoal and a particle 
of water. Such, then, is the e\-idcnce we have that 
a molecule of sugar can be divided ; bnt the reason- 
ing here used is so important to the vahdity of our 
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modem chemical philoBopIiy that I must not pass it by 
with a single example ; 

One of the Bobataneea evolved from the sugar was 
water. Let us next see whether the molecules of this 
most familiar substance can be divided. We have al- 
ready seen to what a wonderful degree of tenuity, we 
can carry the mechanical subdivision of this material. 
The film of a soap-bubble, juet before it bursts, is less 
than ^TnrJjrTFT of ^^ hich in tMciness. A square inch 
of this film would weigh only one j,-^-^ of a grain. 
Now, the unaided eye can easily distingui^ the -^ of 
an inch in length, or Tchra ^^ * square inch of area or 
a quantity of water in that film, weighing only Tir.Fil'ir.iirff 
of a grain. But a etill greater eubdivision than this is 
possible, for, as we now know, when water is converted 
into vapor, the liquid mass breaks up into small parti- 
cles of wonderful tenuity, which we call molecules, and 
by expanding the vapor we can separate these molecules 
to an indefinite extent. We cannot, it is true, follow 
this Bubdiviaion with the eye, but we can discern it 
with the intellect; and, furthermore, by determining 
the specific gravity of aqueous vapor with reference to 
hydrogen gas, we can very easily find the weight of 
the aqueous molecules, and we thus know that a mole- 
cule of water weighs eighteen mieroeriths. By physical 
processes we cannot carry the subdivision any further. 
The smallest mass of water of which we have any knowl- 
edge weighs eighteen mieroeriths; but we can divide 
the molecule chemically, aa the following experiment 
will prove : 

In order to show you the decomposition of water 
by an electrical current, I have projected on the screen 
the magnified image of a glass coll containing a small 
quantity of this familiar liquid, acidulated, however 



(witli enlplinrie acid), in order to make it a condueti 
of electricity. Connected with the cell is what muat 
be known to all of my audience as a voltaic battery. 
The conducting wires from the end plates of this com- 
bination terminate in the two strips of platinum, whioki 
yoi^ see projected on the screen. As soon ae the 
nections are made, or, to use the technical phras^ 
soon 83 the circuit is closed, an electric current flows 
through the water in the cell, passing from one 
of these poles to the other. The eflTect of this current 
is visible. Bubbles of gas collect upon the platinum 
strips, and, as soon as they attain sufficient size, rise to 
the surface of the water, and this evolution of gas will 
go ou 80 long as the electric current continues to flow. 
The gases evolved at tlio two poles are wholly diflerent 
BubstanccB, and, in order to exhibit to yon their charac- 
teristic quatitiea, I have prepared a second experiment : 

Standing on the table is a decomposing cell similar 
to the last, but very much larger, and so constructed 
that the two gases aro collected as they rise from the 
poles, and conducted apart into these two glass bells. 
A very powerful electric current h-is been passing 
througli the water in the cell since the beginning of 
the lecture, and already the bells are filled with the 
two aeriform products. Both are invisible, but notice 
that the gas we have collected in the right-hand bell 
takes fire and bums with a pale and barely luminous 
flame. Here we have a very large bell full of the same 
gas, and on lighting this I think the flame will be via- 
ble to all. Every one must have recognized tluB ma- 
terial. 

It is a well-known substance, which we call hydro- 
gen. It ia one of tlie very few substances which we 
only know in the aiiriform condition. It is, moreover, 
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jhtest form of matter knowD. A cubic jard of 
the temperature of this room (77° Falir.) weighs, 
in round numberB, two pounds, while a eubic yard of 
hydrogen weighs only two and a half ounces. These 
rubber balloons, which are such familiar toys, illustrato 
very forcibly the wonderful lightness of this singojar 
form of matter. 

Let ufl turn now to the gas in the left-hand bell, and 
we shall find that it differs most strikingly from the 
other, and in no respect is the difference more marked 
than in the weight. This gas is sixteen times heavier 
than hydrogen, that is, the difference between the den- 
sity of the two is almost as great as that between iron 
and cork, and yet these invisibie forme of matter are so in- 
tangible that it is difficult even for the chemist to appreci- 
ate this difference. Bringing now a lighted candle near 
the open mouth of the bell, you see that the gas will not 
bum ; but notice that, as I lower the candle into the 
bell, the wax bams in the gas far more brilliantly than 
in air. Observe, also, that this smouldering slow-match 
bursts into fiame when immersed in the same medium. 
Evidently it supports combustion with great vigor, 
and, in order to illustrate this point still more strik- 
ingly, I will introduce into another bell of the same gaa 
a spiral of watch-spring tipped, like a match, with a lit- 
tle sulphur, first setting fire to the sulphur. . . . See ! 
the iron bums as readily as tinder, and far more brill- 
iantly. We are dealing, in fact, with oxygen, the same 
gas which is found all around us in the earth's atmos- 
phere — only, in our atmosphere the oxygen is mixed 
with four times its volume of an inert gas called nitro- 
gen, while as evolved from the water in our experiment 
it is perfectly pure. 

It is evident, then, that in this experiment two 
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new BTitstances are evolved, and the question ariM 
Whence do they coinei! If we examine cnrefnlly ' 
the conditions of the experiment we should lind 
that, of all the subBtances present, the only one which 
underwent any permanent change was the water. The 
weight of the platinum poles, for example, remains un- 
changed, but the weight of the water is diminished in 
exact proportion to the amount of giis evolved. These 
a6riform substances ai'e then educed from the material 
of the water. Moreover, it has also been proved that 
the water is completely resolved into these gases. The 
electric current is merely a form of energy, and, of 
course, can neither add nor remove ponderable mate- 
rial, and the weight of oxygen and hydrogen formed is 
exactly equal to the weight of water lost. As we eay in 
chemistry, the electric current analyzes the water, and 
these gases are its sole constituents. 

Let me now call yoor attention to another fact con- 
nected with the process we are studying; and, in order 
that you may observe the fact for youi-sulves, I will re- 
peat the experiment with still a third apparatus, so 
constrtieted that we can measure the volumes of the 
two gases which are formed. I have placed the appa- 
ratus in front of my lantern bo that I can project on 
the screen a magnified unage of the graduated tubes in 
which the gases are collected. 

You notice that the volume of one is i/wice as large 
as that of the other, and this ratio is found to hold ex- 
actly when we mate the experiment with the very 
greatest accuracy. The larger volume is hydrogen, the 
lesser oxygen. But oxygen, as I have said, is sixteen 
times as heavy ae hydrogen. Hence, there is eight 
times as much material in the halt-volume of oxygen as 
in the whole volume of hydrogen, or, in other words. 
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r when water is decomposed by electrolysis, there is 
eight times as much oxj'gen produced as hydrogen. 

We regard, then, this experiment as establishing, 
beyond all controversy, the fact that water is composed 

I of oxygen and hydrogen gases in the proportions of 
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I eight to one, or, in other words, that in every nine 
iparts of water there are eight parts of oxygen and one 
Ipart of hydrogen. But, if this is true, it must be true 
iof the smallest mass of water as well as of the largest. 
I It must be true, then, of the molecule of water. Now, 
I one molecule of water weighs 18 microeriths. Hence, 
f those 18 microeriths, one-ninth, or two microeriths, 
must consist of hydrogen, and eight-ninths, or 16 micro- 
eriths, must consist of oxygen. Please notice that this 
is a reaalt to which onr experiment directly leads, and 
is SB much a fixed troth as any results of observation. 
Unless onr whole science is in error, and Avogadro'a 
law a delusion, then it is an established fact that the 
molecule of water weighs 18 microeriths, and equally 
certain that this molecule consists of 16 microeriths of 
oxygen, and of 2 microeriths of hydrogen. More- 




over, it U sIbo evident that, when ve uudvze nter, as 
in tills experiment, the molecules are diTided, and that, 
from die material thus obtained are fonned the mole- 
coles of the tvo a^rifonn enbetaDces vliich are the 
prodnda of the procees. As yet I advuice no tbeoiy 
•a regards the nature ot this process, or of the condi- 
tUMi in which the two sabfitancee exist in the molecule 
of water. I am only dealing with the bare fact that 
thej are erolved out of the molecule, and that the 
molecule is thus divided. There arc a great many 
other cUemical procesGcs by which water may be ana- 
lyzed, and the resnlt is in all cases precisely the same, 
namely, that from every nine parte of water there are ob- 
tained eight parts of oxygen and one of hydrogen. Of 
course this eoneurrence of testimony is very valuable, 
but we need not go beyond this simple experiment to 
eetablish the truth we hare enunciated, and our experi- 
ment baa this great advantage for the present purpose : 
There is nothing to complicate the process, and you 
ciin be almost said to see that the oxygen and hydro- 
gen come from the water and from that alone. Such 
illustrations might be very greatly multiplied, but the 
two we have se'ected are sufficient to show how th( 
chemist is able to divide the molecule, and that tl 
dirision is always attended with the destruction of tl 
original substance, and the evolution from it of who] 
diilereut sabstances. 

As we saw at the last lecture, the very essence of 
chemical process consists in the conversion of the sub- 
stances we called the factors into new substances we 
called the products ; and it now appears that all such 
changes imply a destmctiou of the original molecules, 
and the formation of new molecules from the same 
materials. The original molecules are destroyed ; there- 
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fore the original Bubstances dieappear. New moleeulca 
are formed ; hence new sabstancos result. 

Even at the cost of repetition let ua make sure that 
we fully comprehend this reasoning on which the whole 
molecular theory of chemistry rests. What we observe 
is, that in one chemical process there come from the 
material of sugar, for example, charcoal and water, and 
that in another chemical process there come from the 
material of water oxygen and hydrogen gases ; and we 
reason that each molecule of the sugar, or each molecnle 
of the water, must have contributed its share toward the 
formation of the several products ; and, further, that each 
molecule of the products must have been made from the 
dissevered parts of the molecules of the original factors. 
Of course, this reasoning assumes the fundamental con- 
cept of the molecular theory, namely, that of every 6ub- 
stance there are definite ultimate particles in ivhieh the 
qualities inhere, and which cannot be divided without 
destroying the substance. But, assuming the reality of 
the concept, the conclusion that in every chemical process 
molecules arc either divided or constructed, and usually 
both divided and constructed, is a necessary inference, 

In some cases the old molecules are divided into 
parts of a diSerent nature. Thus, the molecules of 
sugar are divided into masses of charcoal and water, and 
the molecules of water again are divided into particles 
of oxygen and hydrogen. In such cases, we say that 
the substance is decomposed into its constituent parts. 
In other cases, the old molecules attach to themselves 
more material, and new molecules, of greater weight, 
result, and we then say that the substance has com- 
bined with another, as the coal with oxygen in the pro- 
cess of burning, and the iron with oxygen in the pro- 
cess of rusting. The first class of changes we call 



analysts, the second, Bynthesis. The evidence of anal^ 
Bts is that each product of tlie change weiglis leaa than J 
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dence of syntbesis is that tlie total pioduct weighs 
more than tho original substance. 

The osygeu and hydrogen gases, each apart, weigh 
less than the water from which they were formed, and 
the fact that the sum of their weights is exactly equal 
to that of the water, proves that they are the only 
products of the change, and that water is composed of 
these eubstancea, and of these alone. The gas we call 
carbonic dioxide, which is the only product of the 
burning of pure coal, weighs more than the coal, and, 
since this excess of weight is exactly equal to that of 
the oxygen consumed in the burning, we conclude that, 
in this process, the coal has combined with oxygen, 
and that the carbonic dioxide is a compound of these 
two Bubstanciis. 1 

Thus arise our ecientifie conceptions of combina^* 
lion and deeompoeitiou, of synthesis and analysis, 
When we say that sugar is composed of charcoal and 
water, we mean merely tbit these two substances may 
be evolved fi'om sugar ; and the evidence that they are 
the only constituents of sugar is that the sum of the 
weights of the two products eqnals the weight of the 
sugar. When we say that water is composed of oxy- 
gen and hydrogen, we merely mean that these two 
substances may be educed from water, and that, as he- 
fore, the weight of the two products exactly equals the 
weight of the water. When we say that carbonic di- 
oxide is composed of charcoal and oxygen, our asser- 

a is based on the fact that, in the process of burning, 

oxygen gas appears to absorb charcoal, and that 

a.seBultixig gas weighs more than the osygen by the 
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ight of the charcoal eonsumed. In the first 
two cases, the proof of the compositioii is analytical, 
in the third sjnthetieal. In many castja we have both 
modes of proof. Thus, we can decompose water into 
oxygen and hydrogen gases, and show that the weight 
of the products is exactly the same as that of the water 
■which has disappeai-ed. "We can also combine hydro- 
gen with oxygen, and show that the weight of water 
Ibrmed is exactly eqasl to that of the two gases con- 
Bumed. 

Notice the important part which the weight of the 
enbatances concerned in our processes plays in this 
reasoning. That water consists of oxygen and hydrogen, 
and of nothing else, is a conclusion based on the fact 
that the weight of the substance has been found equal 
to that of its asEumed constituents. Of course the 
reasoning implies the truth of the great principle of 
the conservation of mass, which was illustrated at the 
last lecture. It is simply because this law of Nature is 
fixed and unvarying that we have a right to asstime 
that increase of weight always indicates increase of 
material, and diminution of weight diminution of ma- 
terial ; or, in other words, that the weight of a body is 
proportional to the amount of material it contains. It 
is this law which gives us confidence throughout all the 
clianges of substance which chemical processes involve, 
that wherever weight has been gained, material has 
been gained, and that wherever weight has been lost, 
material has been lost. When in any chemical problem 
we have accounted for all the weight, it is this law 
which gives us tho assurance that our account is cor- 
rect; and, on tlie other hand, when tho account does 
not balance, it is this law also which com^icls us to 
irch for the material that has been lost or gained. 
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Tlie qualities of substances arc evanescent, but UQdfll 
lying tbeae qualities is aomething which alone deter- 
mines weight. We Bometimea call this "substantia" 
mass, we sometimes call it matter, or we speak of it as 
80 much material ; but what it is in its essence we 
know not. This much, however, we do know; thia 
essence is an indestructible quantity, and this quantity 
is measured by weight. 

But thia great law of the conservation of mass, so 
obvious now, is by no means, as might at first appear, 
self-evident, and it is only comparatively recently that 
it has become an accepted principle of science. It was 
really impUed in the enunciation of the great law of 
gravitation ; for if the quantity of matter in a body 
could change, in consequence of any chemical action 
between the materials of which it consists, then the 
force of attraction between two masses of matter would 
depend not simply on their distance and on the quan- 
tity of matter they contained, hut also on the chemical 
condition of that matter. Moreover, the weight of an 
hermetically sealed vessel might he altered by chemical 
action within its walls, But, although INewton clearly 
conceived that weight was in all cases proportional to 
the amount of material — whatever its form or condi- 
tion—and, although his master-mind was able to estab- 
lish the foundations of astronomy on this basis two 
centuries ago, it is only comparatively recently that the 
principle has been fully accepted in chemistry. For 
years after Newton, the chemists believed universally 
in a kind of matter called phlogiston, which not only 
could be removed from a substance without diminish- 
ing its weight, but whose subtraction actually added to 
the weight. It is the great merit of Lavoisier that 
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he clearly conceived of this principle, and insieted on 
its application in ciiemifitry. lie was the first to see 
clearly that, in every chemical process, increase of 
weight means increase of material, and loss of weight 
loss of material. Iron, in mating, gains in weight. 
Hence, said Lavoisier, it has combined with some 
material. No, said the defenders of the phlogiston the- 
ory, such men as Cavendish, Priestley, and Selieele, 
it has only lost phlogiston. Yon are making too much 
of this matter of weight. Phlogiston differs from your 
gross forma of matter in that it is specifically light, 
and, wlien taken from a body, increases its weight. 
We smile at this idea, and we find it diflicult to believe 
that these men, the first scientific minds of their nge, 
could believe in such absurdity. But we must remem- 
ber that the idea did not originate with them. It was 
a part of the old Greek philosophy, and from the pages 
of Aristotle was taught in every school of Europe until 
within two hundred years ; and, even in our own time, 
we still hear of imponderable agents. Text-books, of 
science are used in some of oar schools which refer the 
phenomena of heat and electricity to attenuated forma 
of matter, that can be added to or subtracted from 
bodies without altering their weight. Such facts should 
teach us, not that we are so much wiser than oiu- 
fathers, but that our familiar ideas of the composition 
of matter are not euch simple deductions from tlie 
phenomena of Nature as they appear to us; and this 
discussion of the evidence, on which these conclusions 
are based, is therefore by no means superfluous. 

As the result of this discussion let us bear in mind 
that, when we say that water is composed of oxygen 
and hydrogen, we mean no more than this, that, by 
TarioDB chemical processes, these two substances can 
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be produced from water, and that the weight < 
two products always equals the weight of the water 
employed in the process ; or, on the other hand, that 
water may be produced by the combination of oxygen 
with hydrogen, and that the weight of the water thus 
formed is equal to the sum of the weights of the two 
gases. We cannot say that water consists of hydrogen 
and oxygen, in the same sense that bread consists of 
flour, or symp of sugar, and mortar of lime. We must 
be very careful not to transfer our ideas of composi- 
tion, drawn chiefly from the mixtures we use iu com- 
mon life, directly to chemistry. In these mixtures the 
product partakes, to a greater or less degree, of the 
character of its constituents, which can be recognized 
essentially unchanged in the. new material, but, in all 
instances of true chemical union and decomposition, 
the qualities of the eubstances concerned in the p 
entirely disappear, and wholly different i 
with new qualities, appear in their place. Prior to ex- 
perience, no one could suspect that two aeriform sub- 
stances like oxygen and hydrogen could be obtained 
from water, and the discovery of the fact, near the be- 
ginniug of this century, marks an era in the history of 
science. And, even now, familiar as it is, this troth 
stands out as one of the most remarkable facts of Na- 
ture. Moreover, the wonder becomes still greater 
when we learn that water yields 1,800 times its vol- 
ume of the two gases, and that these gases retain— 
their aeriform condition so persistently that no powM 
has been able to reduce tbem to the liquid condition j 
and still more the wonder grows, when we learn fur- ■ 
ther that the amount of energy required to decompose 
""ound of water into its constituent gases would be 
uate to raise a weight of 5,314,200 pounds one^ 
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foot high ; and that, when these gaseB nnite and the 
water is reproduced, this enc-rgj again becomes active. 
Two experimenta will enforce the truth of this etate^ 
merit : 

For the first, I have mixed together in this rubber 
bag oxygen and hydrogen in the exact proportions in 
which they nnite to form water, and, with the gas, I 
will now blow up into froth the Boap-suds contained in 
this iron mortar — thus confining the gas only by the 
thinnest possible envelope. I will now ask my assist- 
ant to inflame the mixture with his lighted taper, when 
a deafening explosion announces to us that the chemi- 
cal union lias taken place. But what has been the 
occasion of the development of such tremendous ener- 
gy ? The formation of a single drop of water, so small 
that you could hold it on the point of a needle. 

For the second experiment I will bui-n the same 
gas-mixture at a jet, and show you how great is the in- 
tensity of the heat which may be thus developed. Thia 
apparatus is the well-tnown compound blow-pipe in- 
vented by our countryman Dr. Hare. The oxygen 
and hydrogen flow through rubber hose fi-om separate 
gas-holders into a very small chamber, where they mis 
before issuing from the jet. The same chemical t 
takes place here as before ; the same product (water) is 
formed; the same amount of energy is developed; but, 
under these different conditions, the explosive j^ 
bums with a quiet flame as it is gradually supplied 
from the jet, and the energy, instead of being expended 
in driving back the air, and thus determining that vio- 
lent commotion in the atmosphere which caused the 
noise, is here manifested wholly as heat. And see how 
intense the heat is 1 . . . It is a steel file which is bum- 
^th such rapidity in this flame. As I have already 
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told yon, heat is only a mode of energy, and, like 

other manifestation of power, may be measTired in fi 
pounds. Hence, this brilliant experiment is an apt 
illustration of the amount of energy developed in the 
production of water. In witnesBing the magnitude of 
the effects, we are BurpriBed, as before, by the apparent 
inadequacy of the cause; for the amount of water, 
whose production was the occaeion of all this display 
of power, is only a few drops. 

Who could believe that such power was concealed 
in the familiar liquid which is bo intimately connected 
with our daily life '( Between the qualities of water and 
the qualities of these gases there is not the most distant 
resemblance. When the water is decomposed, the 
qualities of the water are wholly lost in the qualities 
of the two gases produced from it, and a certain amount 
of energy is absorbed. When the water is formed, the 
qualities of oxygen and hydrogen arc wholly merged 
in those of the resulting liquid, whOe the same amount 
of energy is set free. Whether the oxygen and hydro- 
gen esist, as such, in the water, or -whether they are 
produced by some unknown and unconceived transfor- 
mation of its substance, is a question about which we 
may speculate, but in regard to which we have no 
knowledge. All we know is, that the change of water 
into the two gases or of the two gases into water ia 
attended with no change of weight, and hence we con- 
clude that in the change the material ia preserved, or, 
in other words, that water and the gases are the samfta 
material in different forms. 

Now, the only theory which has as yet succeeded h 
giving an intelligible explanation of the facts, i 
that hydrogen and oxygen do exist as such in watei 
}H^erving each its individuality ; that each molecaj 



THE ATOMrO TnEORT. 



117 



I 
I 



of water consieta of three particles, two of hydrogen 
and one of oxygen ; that, when the water is decom- 
posed, the nioleeiiJes are broken np, and that then the 
oxygen particles associate themselves together to form 
molecules of oxygen gas, and the hydrogen particles to 
form molecules of hydrogen gas ; tliat, on the other 
hand, when the gases reeorabine, the reverse takes 
place, each particle of oxygen uniting to itself two par- 
ticles of hydrogen to form a molecule of water. 

These parts of molecules (these particles, into 
which the molecules break up under various chemical 
processes) are what we call atoms, and this theory ia 
the famous atomic theory, which has played such a 
promiuent part in modem chemistry. We shall find, 
as wo proceed, that there is very strong evidence in its 
support. Indeed, without it a large part of the mod- 
ern science would be wholly unintelligible; and, were 
I to confine my regards to purely chemical facts, I 
ehould regard the evidence in its favor as overwhelm- 
ing. Still, I must confess that I am I'ather drawn to 
that view of Nature which has favor with many of the 
most eminent physicists of the present time, and which 
Bees in the cosmos, besides mind, only two essentially 
distinct beings, namely, matter and energy, which re- 
gards all matter as one and ail energy as one, and 
which refers the qualities of substances to the affectiona 
of the one substratum, modified by the varying play 
of forces. According to this view, the molecules of 
water are perfectly homogeneous, and the change, 
which takes place when water is decomposed, does not 
consist in tlie separation from its molecules of pre- 
existing particles, but in imparting to the same mate- 
rial other affections. 

I know that this language is very vague, but it is 



118 



THE ATOIQC THEOBT. 



no more vague than the idea it attempts to embody. 
Still, vague as it is, no one who has followed modern 
phyeicat diacuasions can doubt tliat the tendency of 
physical thought is to refer the differences of aubstancea 
to a dynamical cause. Nevertheless, as I said before, 
the atomic theory is the only one which, as yet, has 
given an intelligible explanation of the iaets of modem 
eliemistry, and I shall next proceed to develop its fan- 
damental principles, I wish, however, before I begin, 
to declare my belief that the atomic theory, beautiful 
and consistent as it appears, is only a temporary expedi- 
ent for representing the facts of chemistry to the mind. 
Although in the present state of the science it gives 
absolutely essential aid both to investigation and study, 
I have the conviction that it is a temporary scaffolding 
around the imperfect building, which will be removed 
as soon as its usefulness is passed. I have been called a 
blind partisan of the atomic theory, but, after this dis- 
claimer, you will underatand me when, during the re- 
mainder of this course of lectures, I shall endeavor to 
present its principles as forcibly as I can. 
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hx my last lecture I stated ttat in a chemical com- 
pound the qnaiities of the coDstituentB are wholly merged 
in those of the product, and that this circnmstance dis- 
tiDgnishes a true compound from a mechanical nuctDre 
in which the qualities of each ingredient are to a greater 
or less extent preserved. This distinctioo is one of 
very great importance in chemistry, and I will begin 
my let-ture this evening by aeking your attention to » 
simple experiment, which will I'ecall the princiffft] 
points of our discussion at the last lecture and at tlio 
Eame time illuetrate Btill other aspects of this Uapor- 
tant Eubject. 

I have prepared a mixture of tinely-dtvided Iron 
(iron reduced by hydrogen) and flowers of nulptiar. 
The two powdcra have been nibbed togctlier in s mor- 
tar until the mass appears perfectly homogeneutiaMtiil 
it is impossible with the miaided eye to diMtinguiKli i\,n 
pirains of cither substance, and yet nothing i» t/Knii* 
than to show that both are here wholly un<:liaiii^* 

For this purpose I will, in the first pWo 
a portion of the powder some of tbii colo 
called sulphide of carbon, which diuolveii »% 
great eagerness. After shaking tlw two lo( 
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P \eft on the bottom of our gUes beak^ a qiunti^ 

a black powder, wbich, as the magnet diows at 
ODce, 13 iron. In the second place I will stir np 
SDother portion of the mixture with alcohol, using this 
liquid to bold the powder in sofipeosioD so that I can 
pick oat the grains of iron with a magnet. Using this 
bar-magnet as a stirring-rod, I can thns readily wash 
out the Buiphor from the iron which adheres to the 
magnet, and we recognize at once the yellow color as 
the particles of solphor settle to the bottom of the jar. 

Having shown yon now that both iron and sulpbor 
are here present, with their qoalities wholly nnaltered, 
I will next take a third portion of the powder, and, 
having made with it a small conical heap, apply a 
lighted match to the apex of the cone. A glow at 
once Bpreada throngh the whole mass, which is an evi- 
dence to me that a chemical change has taken place, 
and in that change the sulpbnr and iron have disap- 
peared. The mass baa somewhat caked together, but 
we can easily pulverize it again, and our product is 
then a black powder not differing very greatly in ex- 
ternal appearance from the original material. But from 
this black powiler the sulphide of carbon can diasolve 
no sulphur, and the magnet can remove no iron. 

The qualities both of the iron and the sulphur have 
disappeared, and those of a new substance we call sid- 
pliido of iron have taken their place, and the only evi- 
dence wo liave that the material of tho sulphur and the 
material of the iron are still here is the weight of the 
sulphide of iron, which is exactly equal to that of the 
eulphur and iron combined. So long as the sulphide 
of ii'on remnins sulphide of iron, no scrutiny can de- 
tt'i'l ill it cither Eulphur or iron, and we must have re-' 
couivo to othsr chemical processes in order to repror; 
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ice ttese snbBtancea. In old timee, before men had 
ilearly conceived that weight ia the measure of mate- 
rial, and that, as thus measured, no material is ever 
loBt, it was Bnpposed that in such experiments as this 
the EubfitanceE involved nnderwent a mysterious trans- 
formation ; the essence of matter, whatever it might 
be, changing its dress, and appearing iu a new garb ; 
and men reasoned, " If such transformations as these 
are possible, why not any others?" and hence centuries 
were wasted in vain attempts to transfonn the baser 
metala into gold. Our present convictions that such 
transmutation is impossibie are based on the knowl- 
edge we have obtained by following to its legitimate 
consequences the great principle established by New- 
ton : when the weight remains, we are persuaded that 
the material remains. The weight of the sulphide 
of iron is exactly equal to that of the sulphur and iron 
combined. Hence we conclude that every atom of the 
iron and every atom of the sulphur still remain in our 
product, the only difference being that, whereas, previ- 
onsly, the atoms of the sulphur were associated to- 
ler to form molecules of sulphur, and those of the 
■on to form molecules of iron, they are now associated 
itb each other to form molecules of sulphide of iron. 
According to our atomic theory, then, in one sense 
at least, chemical combination is only a mixture of a 
finer degree. If we place on the stage of a powerfnl 
microscope a portion of the powder with which we 
have just been experimenting, we can distinguish the 
grains of sulphur and those of iron, side by side ; and 
BO, according to our theory, if we could make micro- 
Bcopes powerful enough, we should see in the sulphide 
of iron the atomn nf its two constituents. But, al- 
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regards combination as merely a more intimate 
tare, yet it recognizes a very great diiference between 
these two classes of produets indicated by a most re- 
markable chai-acteristic, to whicli I have next to direct 
J' our attention. 

Chemical combination always takes place in cei 
de&iite proportions, either by weight or meaani 
Thus we may mix together sulphur and iron in any' 
proportion we choose, but when, on heating, combina- 
tion takes place, 56 grains of iron combine with just 32 
grains of sulphur ; and, if there is an excess of one or 
the other substance, that excess remains uncombined. 
If there is an excess of sulphur, there remains so mneh 
free sulphur, which we can dissolve out with sulphide 
of carbon ; and, if there is an excess of iron, there re- 
mains BO much metallic iron, which we can separate 
with a magnet. So is it, also, in the combination of 
oxygen with hydrogen to form water. Eight grains of 
oxygen combine with exactly one grain of hydi'ogen, 
and any excess of either gas remains unchanged, and 
in all cases of chemical combination and decomposition 
similar definite proportions are preserved between the 
weight of the several constituents, which nnite to fbi 
the compound, or result from its decomposition. 

It is an obvious explanation of these definite pi 
portions that the small particles or atoms between which 
the union is assumed to take place, have a definite 
weight; in otlier words, are definite masses of mat- 
ter. Now, the atomic theory supposes, in the com- 
bination of sulphur aud iron, for example, that the two 
materials break up into atoms ; that an atom of iron 
unites with an atom of sulphur to form a molecule of 
sulphide of iron, and that the union takes place in the 
proportion by weight of 56 to 32, simply because these 
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^Btunbers represent the relative weight of tlie two sorts 
of atoms (the atoms of the same suhatanee being all 
alike, and all having the same size and weight). In 
the case of water, for reasons which will hereafter ap- 
pear, it supposes that two atoms of hydrogen combine 
with one atom of oxygen to form a. moleenle of water, 
and, since ea«li atom of oxygen weighs sixteen timea as 
much as an atom of hydrogen, the two substances must 
combine in the proportion of 2 : 16, or 1 : 8, as stated 
above. 

It will be obvious from a moment's reflection tliat 
the definite proportions which appear in these cases of 
direct chemical union are simply examples under the 
general law wbich govern b all chemical processes. 
Chemical union is a chemical process with definite fac- 
tors and a definite product. In the first of tlie exam- 
ples just cited sulphur and iron are the factors, and sul- 
phide of iron is the pi-oduct ; and in the second example 
liydrogen gas and oxygen gas are the factors, while 
water is the product. In both cases it is true — as in 
' the experiment we tried in our fourth lecture — not only 
that the weight of the product exactly equals the sum 
of the weights of the factors, but also that in each pro- 
cess the weights of the several substances involved, 
whether as factors or products, bear a definite and con- 
stant relation to each other ; and, hence, that the sul- 
phur and iron, or the oxygen and hydrogen, combine in 
definite proportions. Indeed, it was in just these ex- 
amples of direct chemical union that the law was first 
noticed, and it is this phase of the law which is usual- 
ly alone made prominent in text-books on chemistry. 
Hence tlie terra comhintng proportions, which is fre- 
quently used in describing the law ; but the law has a 

^^^ wider range than this term would ditaeft^ Ka^^^\,, 
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nnd tlio larger aeope can be us easily apprehended 
tlio moro reetrieted. Hence, I have preferred to bring 
before you at the outset this fundamental principle of 
chemistry in all its generality, so that you would see 
that the combining pi-oportions — of whieli those who 
liavo previously studied chemistry must already have 
hoftrd 80 much — is simply one phase of a more general 
law, and that this law is in perfect harmony with oi 
conceptions of the constancy of the processes of 
ture. 

The definitenesa of the proportions in which snb- 
stanecB chemically combine with each other was first 
clearly stated by Wenzel and Richter, in 1777, and 
tiie atomic theory, although itself as old as philoso- 
phy, was first applied to the explanation of the law 
by the English chemist Dalton, in 1807, Subsequent 
tiiscoveries have greatly tended to confirm this theory, 
but, before we can appreciate their bearing on our sub- 
ject, we must endeavor to grasp another of the ele- 
mentary conceptions of our science. As in previona 
c.iaes, I shall not content myself with stating the truth, 
but endeavor to show how it is deduced from observa- 
tion. 

The study of chemistry has revealed a remarkabl 
class of substances, fi'om no one of which a second sul 
stance has ever been produced, by any chemical pro- 
cess, which weighs less than the original substance. 
Let me illustrate what I mean by a few experiments : 

The white powder which is counterpoised on the 
pan of this balance is called sulphocyanide of mercury, 
and has been used in the preparation of a toy called 
Pharaoh's serpent. You have all probably seen the ex- 
periment, but perhaps have not observed the feature to 
which I wish to call your attention. As in the previ- 
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8 experiment, I have made with the powder a Bmail 
conical heap, and I will now apply the flame of a match 
to the apex of the cone. The maea takes fire and burns, 
but, so far from its being consumed, there rolls op from 
it a great bodj' of atufi' whose singular shape so^ested 
the name of the experiment. 

It is certainly a most remarkable chemical change ; 
for, from a email amount of white powder, we have 
prodaced this great volume of brown material. More- 
over, the conditions of the experiment are such that it 
is evident that the material must liave been formed 
from the white powder. The only other enbstanee 
present is the atmospheric air, whic-li, although it playg 
an important part in the change, could not have yield- 
ed this singular product. Notice, now, that the prod- 
uct, voluminous as it is, weighs less than the original 
substance. This is the feature of the experiment to 
which I wish especially to direct your attention, and 
the inference to be drawn from it is obvious. The snl- 
phocyanide of mercury has been decomposed, and the 
material of this brown mass was formerly a part of the 
material of this substance. 

AUow me next to recall to your minds the experi- 
ments we made in a previous lecture with sugar. In 
r these experiments the sugar was converted into charcoal, 
^upd the conditions were such that the charr^al muHt 
^Bave come from the sngar, and from nothing tAiv. 
^BTow, since the charcoal weighed less than the Dugar, it 
' vas evident that the material of the charcoal wan a 
part of the material of sugar, or, in other worde, tlwt 
one of the constituents of sugar is charcoal. Ah I 
then stated, charcoal was not the only product of llwjw) 
chemical changes. Water was alao prodiiccd, and urt- 
r snch conditions that the material a/" ' ' — »l«r miui 
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have come from tlie material of sugar, and from that 
aloue. Hence, we feci juatilied in concluding that a 
part of the material of sugar is water ; and finding, 
further, that tho weight of the charcoal and water to- 
gether IB equal to that of the sugar, we also conclude 
tliat the material of eiigar conBiBte of charcoal and wa> 
ter, and of these aubatances only. 

So, also, in the experiment of decorapoaing water by 
an electrical current, it is evident that the hydrogen gas 
produced comes from the water, and, as the hydrogen 
obtained weighs far leas than the water consumed, we 
conclude that a part of the material of water is hydro- 
gen. For the same reaaons we conclude that a part 
of the material of water is oxygen ; and, lastly, eince 
the weight of the oxygen and hydrogen together just 
equals the weight of the water, we conclude that the 
material of water consists whoUy of hydrogen and o: 
gen. Let me ask your attention now to still 
experiment ; 

I have counterpoised on the pan of a second bal- 
ance a few grammes of tliat same finely -pulverized iron 
which we have already used in this lecture. In this 
condition metallic iron bums in the air with the great- 
eat readiness. We need only touch the powder with 
a hghted match when a glow spreads through the mass 
as through tinder. Notice that the conditions of the 
experiment are such that no substances can concur in 
the change except h-on and air. As the result of the 
change a new substiince is produced, just as in the 
other cases, and this substance wo call oxide of iron. 
Is, then, this new substance a part of the material of 
ii'on, in the same sense that oxygen is a part of the 
material of water ! The only circumstance which 
points to a different conclusion is what the balance 
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bdieatea. The iron baa increased in weight, proving 
that material has been added to it, and not taken &oin 
it ; and, as yon al! know, the iron, in burning, has 
combined with the oxygen of the air. Oxygen, then, 
is the material which has been added. 

This experiment illustrates a most remarkable truth 
in regard to the Bubstauce we call iron. By variona 
chemical processes we can produce from the metal hun- 
dreds of different substances, but, in all cases, the con- 
ditions of the experiment, and the relative weight of 
the products, prove that material baa been added to 
the iron, and not taken from it. By no chemical pro- 
cess whatever can we obtain from iron a Bubstaneo 
weighing less than the metal used in its prodaction. 
lu a word, we can extract from iron nothing but iron. 

Now, there are sixty-six (possibly seventy-one) differ- 
ent substances of which this Game thing can be said. 
From no one ot these substances have we been able to 
extract any material save only the substance itself. "We 
are able to convert them into thousands on thousands 
of other substances ; but, in all cases, the relative 
weight of the products proves that material has been 
added to, not taken from, the original mass. To use 
the ordinary language of science, we have not been 
able to decompose these subataneee, and they are dis- 
tinguished in chemistry as elementary substances. 

These substances are frequently called chemical ele- 
ments, bat onr modem chemistry does not attach to 
this term the idea that these substances are primordial 
principles, or self-existing essences, out of which the 
universe has been fashioned. Such ideas were asso- 
cJRted with the word element in the old Greek philos- 
ophy, and have been frequently defended in modem 
'dqgb : and, so far as the words element and elcmei 
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List of Elementary Substances. 

Moljlidenum, Mo, 

Nickel, Ni, 

Nitrogen, N, 

Norwogium? Ng, 

Oamium, Oa, 

Oxygen, 0, 

PaUadiam, Pd, 

Phospboriis, P, 

Platinum, Pt, 

PotasBium, K, 

Rhodium, Rh, 

Rnbidiitm, R1j, 

Ruthenium, Ra, 

Scandium? Be, 

Selenium, Se, 

Silicon, Si, 

SUver, Ag, 

Sodiuia, Na, 

Strontium, Sr, 

Sulphur, 8, 

Tantalum, Ta, 

Tellurium, Te, 

Terbium f Tr, 

Thallium, Tl, 

Thorium, Th, 

Thulimn, Tm, 



Gold, An, 

Holmium! Uo, 102? Thorium, Th, .... 231.^ 

Hydrogen, H, 

Indium, In, 

Iodine, I, 

Iridiam, Ir, 

Iron, Fe, 

Lanthanam, La, 

Lead, Pb, 

Lithiam, Li, 

Manganese, Mn, 
MBrcnry, ~ 

ary suggest sueli ideas, they are uniortunate ten 
Espeiimental science, wMch deals only with legitimate 
deductioQB from the facts of ohserviition, lias nothing to 
Q witli any kind of essences except those which it ei 



Titanium, 

Tungsten, 

Uranium, 

Vanadium, 

Yttrium, 

Ytterbium, 

Zirconium, 
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Bee, smell, or taste. It leaves all others to the metaplij'- 
Hlfiians. It knows do difierence between elementary 
^BabetanceB and any other class of substances, except the 
^^e already pointed out. No one can distinguish an 
elementary substance by any external signs. Sulphur 
and charcoal are elementary substances, chalk and flint 
are compound substances ; but who would know the 
difference ? And, sepcnty-five years ago, men did not 
know that there was any difference. Modem chemis- 
try has shown, by a process of reasoning precisely simi- 
lar to that which we have discuBsed, that out of the 
material of chalk we can obtain a metal called calcium, 
and out of flint a combustible substance called silicon ; 
while, from the material of charcoal or sulpliur, we can 
educe no product but the same charcoal or sulphur 
again. Hence, we say that the first are compound eub- 
Etances, and the last elementary ; but, were a process 
discovered to-morrow by which a new substance was 
produced from the material of sulphur, we should hail 
at once the discovery of a new element, and aulphor 
would be banished forever from the list of elementary 
Bubatances, Yet the qualities of sulphur would not be 
changed thereby. It would still be used for making 
flulphorie acid and bleaching old bonnets, as if nothing 
had happened. AH this may seem very tririal, bat 
there is iio idea more common, or of which it is more 
difficolt to disabuse the mind of a beginner in the Etod/ 
of chemietiy, thui the notion that there is icftnethmg 
peculiar or nnreal about what is called ft chemical ele- 
ment ; and the ooa«eption that an element is a definite 
sabetanee. Glee soy other mbfitsoce, is osnaUy the be- 
ffoaiagofdear ideu on the sabjecC I bi^ I h«ve 
been able to make this truth pronunent, ud *ko to 
B the fiirther tmlh thataH our knowledge of i" 
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(iompositioa of matter is based on the fiindamenta 
principle that weigbt is the trne measure of quantity 
of material, which is simply the first postulate of the 
law of gravitation. This great law of Newton is thug 
the basis of modem chemistrj as much as it is of mo< 
em astronomy. 

We are now prepared to accept intelligently thi 
following general propositions : 1. That all substances 
may be resolved by chemical processes into one i 
more of the seventy-one elementary substances ; 2, Thai 
all BQbstanceB not themselves elementary may be i 
garded as formed by the nnion of two or more element- 1 
ary substances. Of course, the second is merely the 1 
reverse of the first, and ia implied by it ; but the two 
represent the two methods of proving the constitation 
of substaneea, which we have called analysis and syn- 
thesis. Of these the analytical proof alone is universally 
possible. In by far the larger number of cases, how- 
ever, W0 are also able to effect the synthesis of substances 
by uniting the elements of which they consist, but| 
there ia still a considerable number of substances wbid 
have never been produced in this way. 

Having acquired the conception of an elementarj 
substance, and of its chemical relations, we can now 
give to the law of definite proportions a more preciss 
statement. As I have already said, the law is uniJ 
versal. It applies to all kinds of chemical ehangea,J 
and to all elasses of substances, elementary as well s 
compound. But elementary substances are only bub-^ 
eeptible of that class of changes we have called sya-f 
thetical. They can combine with each other, but they 1 
oannot bo resolved into other substances. Ilence all 
the information in regard to them, which the law, as 
thus far enunciated, gives us, is that, when tliey com- 
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bine, the nnion takes place in definite proportions by 
■weight or volume. But this is not all the truth. There 
is a law governing tlie definite proportdoDB, and the 
proportions of the difierent elementary substances 
which unite to form the various known compounds 
are so related that it is possible to find for each ele- 
ment a number, such, that, in regard to the several 
numbers, it may be said that the elements always com- 
bine in the proportion by weight of these numbers 
or of some simple multiples of these numbers. Thia 
supplement to the law of definite proportions ia known 

the law of multiple proportloTis ; but, if we accept 
the atomic theory, both laws are merely necessary con- 
eequences of the constitution of matter which this the- 
ory assumes to exist. Let us, in the first place, under- 
stand fuUy the facts, and we shall then be prepared to 
consider their bearing on onr theory. 

In the list of chemical elements above there has 
been placed against the name of each substance a num- 
ber wliich, for t!ie present, using a term suggested by 
Davy, we will call its proportional number. Now, the 
same elementary substances frequently combine with 
each other in several definite proportions, but these 
proportions, estimated by weight, are invariably those 
of these numbers or of their simple multiples. For 
example, there are two compounds of carbon and oxy- 
gen, which contain the relative number of parts, by 
veight, of each element indicated below : 



Oarbonin oxide, 
Oarbonic dioxide, . 



■ There are five compounds of nitrogen and oxygen 
^"Whose composition in parts, by weight, is as follows : 

■ K2 
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isbjwsighL Psrtafcj Height 



Nitrons oxide, ... 38 


16 or 


Nitric oxide, .... 14 


10 " 


Dinitrio trioxide, ... 28 


48 


Nitrio dioxide, ... 14 


82 " 


Dinitrio pentoside, . . 28 


60 




Fluorine, 


Pwtabj weight 


PBTIB by w^hl. 


ManganoDH fluoride, ... 55 


38 


Dimaaganic besa&aoride, . 65 


sr 


Uanguiic fluoride, .... 66 


76 


mmanganio fluoride, ... 66 
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Examples like these might be multiplied indefinitely, 
and the law holda not only when two elements unite, 
but also when several unite in forming a compound. 

There is still another property of these nmnbera 
which must not be passed unnoticed, although it is im- 
plied in what has already been said. The two num- 
bers, or their multiples, which express the proportioni 
in which each of two elements combines with a thi 
express also the proportions in which they unite witbil 
each other. Thus, 71 parts of chlorine combine with 
either 32 parts of sulphur or with 56 parts of iron. 
So, in accordance with the law, 56 parts of iron com- 
bine with 33 of sulphur. Again, 14 parts of nitrogen, 
and also 381 (= 3 x 127) parts of iodine combine with 
3 parts of hydrogen, and so 14 parts of nitrogen unite 
with 381 of iodine. Lastly, either 16 parts of oxygen, 
or 32 parts of sulphur, combine with 2 parts of hydro- 
gen, and 80 32 parts of sulphur combine with either 
32 (= a X 16) parts, or with 48 (= 3 x 16) parts of 
gen. In the accompanying table these results 
given in a tabular form : 



either 1 

'oxy^M 
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[ 82 parts of Bulphnr combina with 71 parts of chlorine. 



nitrogen 
hydrogen 



I 83 " " " " 3x16 = 43 " " 

From the facts let tis pass, for a moment, to their 
interpretation, and notice how they at once suggeet an 
atomic theory. To the question which the mind asks, 
"What mean those definite weights ?" the suggestion 
' comes at once, they must mean definite masses of mat^ 
\ ter; they must be the relative weights of those httle 
masses we have called atoms. And see what a simple 
interpretation the atomic theory gives of this whole 
class of phenomena. Assume that there are as many 
kinda of atoms as there are elementary enhstances ; that 
all the atoms of the same element have the same 
L weight, and that the " proportional numbers " express 
the relative weight of the different atoms. Asanme 
further that combination consists merely in the union 
between atoms, and that chemical changes are deter- 
mined by their aggregation, separation, or displace- 
ment, and we have at once a clear conception of the 
manner by wlucb the remarkable results we have been 
studying may be produced. When two etcmenl 
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Bubstances combine, it must be that a Bingle atom, 01 
some definite number of atoma of one, unite with i 
definite number of atoms of the other, and therefore 
the combination must take place either in the propor- 
tion of the relative weights of the atoms, or in s 
simple multiple of that proportion. Moreover, when in 
any chemical change a new grouping of the atoms takes 
place, the same relative proportions must be preserved. 
From the conception of the atom we naturally re- 
turn to that of the molecule, in order to discuss the 
relation between these two quantities, which otherwise 
we should be liable to confound. You remember the 
physicist's definition of a molecule : " The small par- 
ticles of a substance which act as units." The mole- 
cules of hydrogen gas are the small, isolated masses of 
hydrogen, which move like bo many worlds through 
the space occupied by the gas, and, by striking against 
the walls of the inelosurc, produce the pressure which 
the gas exerts. The molecules of water, in like man- 
ner, are the small masses which are driven .ipart by 
heat, and become active in the condition of steam. 
The chemist looks at the molecule from a somewhat 
different point of view. To him the small i 
not merely centres of forces, but they are the particles 
in which the qualities of substances inhere. They are 
the smallest particles of a substance which can exist by ' 
themselves. So long as the integrity of the molecule 
is preserved, the substance is unchanged, but, when the 1 
molecules are broken up or changed, new substancea 
are the result. We can carry mechanical division no 
further than the molecule, but, by chemical means, we J 
can break np the molecules, and the parts of the mole- 
cule thus brought to our knowledge are the atoms, j 
Take, for example, common salt : 
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The Bmallest particle of this salt which has a salt 
taste, and in general retains the qualities of salt, is the 
molecule of salt. This molecule, as we know from the 
Bpecific gravity of the vapor of salt, weighs 58.5 miero- 
critlis. We also know by chemical analyeia that, in 
every 58.5 parte of salt, there are 35.5 parts of chlo- 
rine and 23 parts of sodium. Hence, a molecule of 
salt must contain 35.5 mierocriths of chlorine and 23 
microeritha of sodium, and, in any chemical process in 
which chlorine gas or metallic sodium is extracted 
from salt, each molecule must be subdivided into these 
two pai-ts. Now, both chlorine gas and sodium are 
elementary substances, and our theory supposes that 
the numbers 35.5 and 23 represent the relative weights 
of their atoms. We, therefore, further conclude that 
the molecule of salt is formed by the union of two 
atoms, one of chlorine and one of sodium. 

In like manner, the molecules of every compound 
substance are aggregates of atoms, of at least two atoms 
each. With the elementary substances it is different. 
There are many of these whose molecules are never 
Bubdivided, and in sncb cases the molecule and the 
fitom are identical, but there are also several, of which 
the molecules can be shown to consist of two or more 
atoms. Thus, the molecules of phosphorus probably 
consist of four atoms, those of oxygen of two atoms, 
and those of hydrogen, nitrogen, chlorine, bromine, 
and iodine, likewise of two. 

Assuming that the molecule of hydrogen gas con- 
' eiats of two atoms as just stated, let us dwell on this 
fact for a moment as explaining our system of estimat- 
ing molecular weights, whicli must have appeared, 
when stated, very arbitrary. You remember that, ac- 
cording to the law of Avogadro, equal volumes of all 
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gaaea contain, under the same conditions, the 8aiiie' 
number of inoleeules. Then, since a given volume 
oxygen ga8 weighs sixteen times as much as the same 
volume of hydrogen gas, the molecule of oxygen must 
weigh sixteen times as much as the molecule of hydro- 
gen ; and, if we asBuraed the hydrogen-molecule as onr 
unit of molecular weight, the molecule of oxygen woold 
weigh sixteen of those units. So, also, as nitrogen gas 
weighs fourteen times as much as hydrogen, the nitro- 
gen-molecule would weigh fourteen of the hydrogen 
units. Again, as chlorine gas weighs 35.5 times as 
mnch as hydrogen, a molecule of chlorine would weigh 
35.5 of the same units. But these numbers, 16, 14, 
and 35.5, are simply the apeeifie gravities of the several 
gases referred to hydrogen ; so that, if we took the 
hydrogen-molecule as the unit, the specific gravity of 
a gas or vapor referred to hydrogen would express the 
molecular weight of the substance in these units. In- 
stead, however, of taking the hydrogen-molecule as 
our unit, we selected the half-hydrogen molecule for 
that purpose, and called its weight a microcrith, thus, 
of course, doubling the numbers expressing the molec- 
ular weights. Ten pounds have the same value as 
twenty half-pounds, and so sixteen hydrogen-molecules 
have the same value as thirty-two microcriths; and 
thus it is that, with the system in use, the molecular 
weight of a substance is twice the specific gravity re- 
ferred to hydrogen. 

Now, you can understand the reason why the half 
hydrogen-molecule was selected as the unit of molecu- 
lar weight, and made the microcrith. It was simply 
because the half-molecule is the hydrogen atom. The 
microcrith is simply the weight of the hydrogen atom, 
the smallest mass of matter that has yet been reeog- 
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nized in science. The hydrogen-molecule consists of 
two atoms, and therefore weighs two microcriths. The 
oxygen-molecule weighs sixteen times as much as the 
hydrogen-molecule, and therefore weighs thirty-two mi* 
crocriths. The specific gravity of carbonic-dioxide gas 
is '22, that is, it weighs twenty-two times as much as 
hydrogen. Its molecule is therefore twenty-two times 
ad heavy as the hydrogen-molecule, and, of course, 
weighs forty-four microcriths. Hence, in general, the 
specific gravity of a gas referred to hydrogen is the 
weight of the molecule as compared with the hydrogen- 
molecule, and twice the specific gravity of a gas re- 
ferred to hydrogen is the weight of its molecule in hy- 
drogen atoms or microcriths. 

But you will ask : How do you know that the hy- 
drogen-molecule consists of two atoms, and, in gen- 
eral, how can you determine the weight of the atom of 
an element? This is a very important question for 
our chemical philosophy, and I will endeavor to answer 
it in the next lecture. 
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ATOMIC WEIGHTS AND CHEMICAi:. STMBOI^. 



As I stated in my last lecture, I am to ask your at- 
tention at the outset this evening to a discussion of the 
method by which the chemists have succeeded in fixing 
what they regard as the weights of the atoms of the 
several elements. This method ie based, in tlie first 
place, on the principle that the molecular weight of a 
substance can be accurately determined by compariajy- j 
its specific gravity in the state of gas or vapor with th« J 
definite proportions which are invariably preserved 1 
all the chemical processes into which the substance e 
ters. Tills point has been so fully explained that it | 
unnecessary to enlarge upon it further. 

In the second place, our method is based 
principles of what we call quantitative analysis, 
have ab-eady stated that the chemists have been abll 
to analyze all known substances, and to determine withjl 
great accuracy the exact proportions of the several ele- 
mentary substances which are present in each. Thav 
methods by which these results are reached are, iorM 
the moat part, indirect, and frequently very compli- 
cated. They are described at great length in the. I 
works on this very important practical branch of owfM 
science, but it would be impossible to give a clear idea 
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of them in thia connection. It may be well to say, 
however, that, in order to analyze a eubetance, it is not 
necessary actually to extract the several elementary 
Bubstaneea and weigh them. Indeed, this can only 
very rarely be done, but we reach an equally satisfac- 
tory result by converting the unknown substance into 
compounds whose composition has been accurately de- 
termined, and from whose weight we can calculate the 
weights of their elements. 

For example, if we wished to determine the amount 
of sulphur in a metallic ore, we should not attempt to 
extract the sulphur and weigh it. Indeed, we could 
not do so with any accuracy ; but we should act on a 
given weight of the ore, say 100 grains, with appropri- 
ate agents, and, by successive processes, convert all the 
sulphur it contained into a white powder called baric 
sulphate. Now, in accordance with the law of definite 
proportions, the composition of baric sulphate is invari- 
able, and we know the exact proportion of sulphur it 
contaius. Hence, after weighing the white powder, 
we can calculate the amount of sulphur in it, all of 
which, of course, came from the 100 grains of ore. 

Evidently, this method assumes an exact knowledge 
of the amount of sulphur in baric sulphate, which must 
have been determined previously. This was, in fact, 
found by converting a weighed amount of sulphur into 
baric sulphate, and, in a simOar way, most of our 
methods of analysis are based on previous analyses, in 
which the definite compounds, whose composition we 
now assume is known, were either resolved into ele- 
ments or were formed synthetically from the elements. 

As the result of such processes as this, we have the 
relative amounts of the several elements present in the 
substance analyzed, and it is usnal to state the result 



in per cents. Thus, the analyses of water, salt, i 
sugar, give the results stated below : 




Understanding, then, that we are in possession of 
means of determining accurately the weights of the 
molecules of all volatile compounds, and also the ex- 
act per cent, of any element which each substance con- 
tains, we can readily comprehend the method employed 
for finding the weight of the atom. Let it be the 
weight of the oxygen atom which we wish to deter- 
mine. We compare all the volatile compounds of oxy- 
gen as in the diagram (p. lil). We take the specific 
gravity of their vapors with reference to hydrogen, and, 
doubling the number thus obtained, we have the molec- 
ular weights given in the column under this heading. 
The analyses of these eubstances inform na what per 
cent, of each consists of oxygen. Hence, we know how 
much of the molecules consists of this element. The 
weight of oxygen in each molecule is given in the last 
column, estimated, of course, like the molecular weights, 
in mieroeriths. Having thus drawn up our table, let 
me call your attention to two remarkable facts which 
it reveals. 

Notice, first, that the smallest weight of oxygen in 
any of these molecules is 16 m.c. ; and, secondly, that 
all the other weights are simple multiples of thii "" 

Here, certainly, is a most wonderful fact, 
member that these nomberSj which are displayed 
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Atomia Weight of Chlorine. 



^ [ydrochlorio acid 

'Acetjlic chloride, , 

EUijlic chloride 

PhoBgene gaa , 

Dicarhonic dlchloride 

Ohromio oiychloride 

Arsenious chloride 

Boric chloride 

Phosphorona chloride 

Carbonic tetrachloride . . . 
Dicarhonic tetrachloride. . 

Bilicio chloride 

Tontalic chloride 

Ooloiobic chloride 

Alnminio chloride 

Dioarbonie hesacUoride. . . 



Chlorine gaa 71. 



86.5 m.c. 


35,6 m.o. 


78.5 " 


35.5 " 


64.5 " 


85.5 " 


9B. " 




95. " 


71. " 


165.3 " 


71. " 


1R1,5 " 


lOfi.6 " 


117.5 " 


106.6 " 


137.5 " 


106.6 " 


154. " 


142. " 


166. " 


142. " 


170. " 


142. " 


859.4 " 


17T.5 ■' 


271.4 " 


177.S " 
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eo largely, are the results of laborions investigation! 
Each one of them represents the resnit of weeks, fre- 
qnentlj of months, of labor. The molecular weighta 
were obtained by actually weighing the vapor of each 
gas, and thus finding its speeiiic gravity; the quan- 
tity of oxygen by analyzing each eubstance, and thus 
finding the per cent, of oxygen which it contained. 
Remember that the work has been done at different 
times, and by many different men, working wholly in- 
dependently of each other, and with no view to such a 
result. Now, all this work done, and the reaults ail 
brought together, it appears that the molecule of every 
known oxygen compound contains either 16 micro- 
criths of oxygen or some simple multiple of this quan- 
tity. It ia impossible that this should be a chance co- 
incidence. That invariable repetition of 16 microcriths 
muEt have a meaning, and the only explanation we can 
give is, tliat it is the weight of definite particles of oxy- 
gen, which we call atoms. In other words, then, 16 
microcriths, the smallest weight of oxygen known to 
exist in any molecule, must be the weight of the oxy- 
gen atom. In all those molecules, which contain 16 
m.c. of oxygen, there is, then, 1 atom of oxygen ; ia 
those which contain 32 m.c, of oxygen, there are 2; 
and, in those which contain 48 m.c, 3 atoms, and so 
on. Notice also, in this connection, that the molecule 
of oxygen gas itself weighs 32 m.c, and is, therefore, 
twice as heavy as the atom. In other words, the mole- 
cule of oxygen gas consists of two atoms, and this is one 
of the cases referred to in the last lecture, in which the 
molecule of an elementary substance is not the same 
the atom. 

Take, now, another elementaiy substance — chlorim 
Here we have a list of some of the volatile compoxmi" 
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this element. As before, the molecnlar weiglita 
annexed were fonnd by means of tlie known specific 
gravities of the Tapors of the several substances, and the 
weight of chlorine in each moleeole was calculated from 
the results of oft-repeated analyses. Notice that the 
Bmallest weight of chlorine in a molecule is 35.5 micro- 
criths, and that the other molecules have either the same 
weight or a simple multiple of it. This number, 35.5, 
appears here with the same constancy as the number 16 
in the previous table. As before, this constancy cannot 
be an accident. These 35,5 naicrocritbs of chlorine 
must be definite masses of the elementary substance, 
which retain their integrity under all conditions, and 
are not subdivided in any known chemical changes, and 
these wonderfully minute but definite masses are what 
we call the chlorine atoms. The atoms of chlorine, there- 
fore, weigh 35.5 microcriths. Hence, the molecule of 
hydrochloric acid contains one chlorine atom, the mole- 
cnle of phosgene gas two such atoms, the molecule of 
boric chloride three, that of silicic chloride four, and 
that of aluminic chloride six. Lastly, as in the ease of 
oxygen, the molecule of chlorine gas is twice as heavy 
as the atom, or, as we say, consists of two atoms. 

Consider, now, the facts in regard to volatile com- 
ponnds of carbon as they are shown in the next dia- 
gram. Here we have a similar constancy in the repe- 
tition of the number 13. Twelve microcriths is the 
smallest quantity of carbon contained in the molecule 
of any compound of this element whose molecular 
weight has been determined ; and all molecules of car- 
bon compounds, whose weight is known, contain either 
12 microcriths of the elementary substance, or else 
8ome whole multiple of 12 microcriths. Again the 
question forces itself upon us, "Wliat means this won- 
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Atomic Weight of Carbon. 
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Atomic Weight of Hydrogen. 



Kaxxs or CoMPOTmDS or Htdbooxn. 



Hydrochloric acid 
Hydrobromic acid 
Hydriodic acid . . . 
Hydrocyanic acid 

Water 

Hydric sulphide. . 
Hydric selenide. . . 

Formic acid 

Ammonia gas . . . . 
Hydric phosphide. 
Hydric arsenide . . 

Acetic acid 

Olefiant gas 

Marsh-gas 

Alcohol. 

Ether 

Hydrogen gas... . 



Weight of Mole- 
cule. 
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27. 
18. 
84. 
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84. 
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16. 
46. 
74. 
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and I hope you can now appreciate the reason wliy W 
lias been chosen as the unit of molecular and atomic 
weights. I also hope that I have been able to con- 
vince you that it is a definite mass of matter, and that 
we have as mtich right to name it a microcrith as tO| 
call a certain ma£s of nietal a grain, or another 
pound. 

In a similar way the weights of the atoms of the 
other elementary substances have been determined ; but 
in this precise form the method is not universally ap- 
plicable for there are many of the elementary substances 
which do not yield a snfBcient number of volatile bodies 
to enable us, by means of their vapor-denaities, to fix 
the molecular weights of aa many of their compounds 
as would be required to make our conclusion trust- 
worthy. In such cases, however, we have other methods 
of finding the molecular weight, which, although not 
BO fundamental or ao simple as that based on the spe- 
cific gravity of the vapor, give for the most part satis- 
factory results. As we have seen, we can always deduce 
from the definite proportions, which a substance pre- 
serves in any chemical process in which it may be 
involved, a value which is either its molecular weight or 
else some simple multiple of this quantity, and in almost 
all cases the fixed principles or analogies of chemical 
acience enable us to decide which of the possible values 
is the true weight sought. Such reasoning, however, 
would not be intelligible at the present stage of our 
study, but it will appear conclusive when we have gained 
that broader view of chemical facts which it implies. 

I trust we are all now prepared to understand the 
significance of the numbers which, in the table of 
chemical elements (on page 128), are associated with 
the names of the elementary subetances. 
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heat to raise the temperature of one pound of any oth- 
er substance one degree. This fraction is called the 
specific heat of the substance, and its value has been 
determined esperimentally, with great care, for a very 
large number of substances, including most of the 
elementary subetancea. In the second column in the 
table on the opposite page we have given the specific 
heat of more than one-half of the elementary sub- 
stances. We owe these results to Regnault, and his in- 
vestigations on this subject are among the most impor- 
tant of the many valuable contributions to science of 
this eminent French physicist. As the specific heat of 
a substance in different states of aggregation often va- 
ries very greatly, only the results obtained with the 
elementary suhstances in the solid state are here given, 
and the numbers in each case stand for the fraction of 
a unit of heat required to raise the temperature of one 
pound of the solid one degree. The fignres in the 
second column of our table are the atomic weights of 
the elements, and those in the third column the prod- 
ucts obtained by multiplying these weights by the spe- 
cific heat. Notice how constant this product is. It 
varies only between 5.7 and 6,9, and there are strong 
reasons for believing that the variatious depend on dif- 
ferences in the physical condition of the elementary 
substances. "We know that this condition very greatly 
inflaences the thermal relations of solid bodies, and, if 
the Buhstauces could be compared in precisely the 
state, it is possible that the above product would be 
found to be absolutely constant, the most probable 
value being 6.34. Only three solid elementary sub- 
stances are known the product of whose atomic weight 
by the specific heat does not fall within the limits as- 
signed above, and these are the different forms of car- 
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boD, boron, and sDicon, all elements remarkable for thd 
wide differences between the physical conditions in 
■which they are known. 

What, now, can be the_ explanation of the remark- 
able law which the table presents to our notice ) The 
usual explanation is, that the atoms of the different ele- , 
mentB have the same capacity for heat, and hence, that 
massea of the elementary subetances containing the ' 
same number of atoms must have the same capacity for 
heat when under similar physical conditions ; the con* 
etant product being the amount of heat required to 
raise the temperature of such masses to the same de- 
gree. If, for example, it requires the same amount of 
heat to increase by one degree the temperature of either 
56 m.c. of ii"on (one atom) or 200 m.c. of mercury (also 
one atom), it will also require equal amounts to raise 
the temperature of 56 pounds of iron and 200 pounds 
of mercury one degree; and hence 56x0.1138 (the 
specific heat of iron) most be equal to 200 x 0.0319 (the 
specific heat of mercury), — You will remember, of 
course, that the decimal in each case represents the 
fraction of a unit of beat required to raise the tempera- 
ture of one pound one degree. 

But, all theorizing apart, an agreement like this can- 
not be the result of accident ; and, even if we cannot 
esplain tJie law, the very coincidence gives us great 
confidence in the values of the atomic weights we have 
adopted. 

Let us now, for a moment, recapitulate. All sub- 
stances are collections of molecules, and in these mole- 
cules their qualities inhere. "What ia true of the sub- 
stance is true of the molecule. The molecule ia an ng- 
gregate of atoms ; sometimes of atoms of the same kind, 
as in elementary substances, sometimes of atoms of 
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different kinds, as in compOTind Giibstances. Tbe mole- 
cules are destmctible, while the atoms are indestructi- 
"ble ; and chemical change consists in the production of 
new molecules by the rearrangement of the atoms of 
former ones. Such, then, are our conceptions of the 
constitution of substances, and I next proceed to show 
bow we are able to represent this constitution by 
means of a most beautiful system of notation, with 
which you must be all more or less familiar, mider the 
name of chemical Eymbols. 

Just as in algebra' letters are nsed to represent 
quantities, so in chemistry we use the initial letters of 
the Latin name of the elementary substance to repre- 
sent that mass of each element we call an atom. Thua, 
O represents one atom of oxygen, N one atom of nitro- 
gen, C one atom of carbon, CI one atom of chlorine, 
Cr one atom of chromium, F one atom of Fluorine, Fe 
one atom of ferrum (iron), S one atom of sulphur, Sb 
one atom of stibium (antimony). By using the first let- 
ters of the Latin names, a tmiformity has been secured 
among all nations, the convenience of which is obvious, 
and it is only in a few cases that the Latin initial dif- 
fers fi'om the English. These symbols necessarily rep- 
resent a definite weight, that is, the weight of the atom. 
O stands for 16 raierocriths of oxygen, for 13 micro- 
criths of carbon; and, in each case, the symbol stands 
for the atomic weight given in our table (page 138). 
In order to represent several atoms, we use figures 
placed, like algebraic exponents, above or below the 
eymbol. These exponents do not, as in algebra, in- 
dicate powers, but only multiples ; thus, Oj means two 
atoms, or 32 ra.c. of oxygen, Cj six atoms, or 73 m.c. 
of carbon, and so on. 

Having adopted this simple notation for tlie atom. 
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we easily represent a molecule by writing together 
symbols of the atoms of which it consiets, indicating 
the number of each kind of atoms by figures, as above. 
A molecule of water, for example, consiste of three 
atoms, two of hydrogen and one of oxygen. Hence, 
its symbol is HjO. Tins symbol shows, not only that 
the molecule consists of three atoms, as just stated, but 
also that it contains 2 m.c. of hydrogen and 16 m.e. of 
oxygen. Further, it shows that the molecule of water 
weighs 18 m.c If we wish to represent several mole- 
cules of water, we place a figure before the whole syra* 
bol. Thus, 2II3O represents two molecules of 
5HjO five molecules of water, etc. Now, since, in 
chemical relations, what is true of the molecule is true 
of the substance, this symbol may bo regarded as the 
eymbol of water, and is constantly spoken of as such. 
Again, a molecule of alcohol is known to consist of two 
atoms of carbon, six atoms of hydrogen, and one of 
oxygen. Hence, the symbol of the molecule is CsH^O, 
This symbol informs the chemist that a molecule of al- 
cohol contains 3 atoms or 24 m.c. of carbon, 6 atoi 
or 6 m.c. of hydrogen, and 1 atom or 16 m.c. of oxy- 
gen. It also shows that the total weight of the mole- 
cule is 46 m.c. Several molecules of alcohol are in- 
dicated by the use of coefficients, as before — thna 
SCaHjO, etc. This is the whole of the system, and you 
see how beautiful and simple it is. The single lettei 
stand for atoms, and the terms formed by the groupiuj 
of the letters stand for molecules, and the very possiJ 
bility of the system is In itself a very strong proof thaf 
molecules and atoms really exist. 

Before proceeding to show how admirably thi 
Bystom is suited to express chemical clianges, let m< 
"c your attention for a moment to the nature of thj 
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evideiiPe by which the Bymhol of a subetance is fixed ; 
for, although this evidence is precisely of the Baine kind 
ae that on which the atomic weights of the elementary 
snbstances rest, yet the principles involved are so im- 
portant that a, brief reetateiuent of the evidence, as it 
ITS on the present problem, seems almost necessary 
for a clear understanding of the subject. The qneBtion 
a this : What is your proof that the symbol of alcohol, 
I for example, is CjH^O, or, in other words, that this 
I symbol represents the constitution of a molecule of al- 
\ cohol ? The evidence is — 

1. We know by experiment (page 81) that the spe- 
' cific gravity of alcohol-vapor referred to hydrogen is 

, Hence, since, by Avogadro's law alcohol-vapor 
and hydrogen gas have in the same volume the same 
number of molecules, the molecule of alcohol is twenty- 
three times as heavy as the molecule of hydrogen gas ; 
and, further, since by assumption the hydrogen-mole- 
cule weighs 3 m.c., the alcohol-molecule weighs 46 m.c, 

2. We have analyzed alcohol, and know that it has 
the ibllowing composition : 

Analysts of Alcohol, 

Carbon 52,18 24 m.c. 

Iljdi'ogen 13.04 Q « 

Oxygen 34.78 18 " 



Hence, of the molecule of alcohol 5a^ per cent., 
or 24 parts in 46, consist of carbon, \''-^ per cent., 
or C parts in 46, consist of hydrogen, and 34^^, or 16 
parts in 46, consist of oxygen. The whole adds np, as 
yon see, 46, showing that we have done our sum cor- 
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Analysis, then, proves that, of the molecde of alo 
hoi weighing 46 m.c., 34 m.c, are carbon, B m.c a 
Iiydrogen, and 16 m.c, are oxygen. But the weigl 
nn atom of carbon is 12 m.c, hence the molecnle c 
tains two atoms of carbon, or d ; the weight of an a, 
of hydrogen is 1 m.c, hence the molecule contains G 
atoms of hydrogen, or IIj ; the weight of the oxygen 
atom is 10 m.c, hence the molecule contains one ate 
of oxygen, or O, and the aymbol is CjHjO. 

Again, why is the symbol of water HjO? 1. ' 
specific gravity of steam referred to hydrogen gas is S, 
hence tlie weight of a molecule of water in miei'oeriths 
13 IS. 3. Analysis shows that water has the following 
composition in 100 parts : m 



Analysis of Water. 



Composif Ion rf 



Hydrogen . , 
Oxygen 



We know, then, that, of the molecnle weighing 18 
m.c of water, ll^Vs" P^i" cent., or 2 ra.c., consist of 
hydrogen, and 68^% per cent., or 16 m.c, consist of 
oxygen. But 2 m.c. of hydrogen equal 3 atoms, or 
Hj, and 16 m.c. of oxygen 1 atom, or O. Hence, the 
symbol ia II^O. 

Ton see how simple is the reasoning and how defi- 
nite the result; and, unless onr whole theory in regard 
to molecules and atoms is in error, there is no more 
doubt that the symbol of water should be written H,0, 
than that this familiar liquid consists of oxygen and 
hydrogen gas. 

But many of my audience will remember that, 
when they studied chemistry, the symbol of water was 
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I aak, Why this change? I answer: Tliis 
diflerence is of a type with the whole difference be- 
tween the old and the new schoola of chemistry. In- 
deed, the two symbols may be regarded as the shibbo- 
letba of the two systems. In the old system, the sym- 
bols simply stood for proportions, and nothing else. 
The symbol H meant 1 part by weight of hydrogen, 
and O 8 parts by weight of oxygen ; and HO meant 
a compound, in which the two elements were com- 
bined in the proportions of 1 to 8, which is as true of 
water now as it was then. In the old system, the spe- 
cial form of the symbol, whether IIjO, HO, or HOj, 
had no significance, for this was deteraiined by the ar- 
bitrary values given to the letters. There is a second 
compound of hydrogen and oxygen called hydric perox- 
ide, in which the elements are combined in the propor- 
tion of 1 of hydj'ogen to 16 of oxygen; and, had the 
chemists of the old school assigned to the symbol O the 
valne 16 instead of 8, then the symbol of hydric per- 
o^iide would have been written HO, and that of water 
HjO ; and the only reason usually given for making O 
represent 8 parts of oxygen instead of 18 was, that 
water, being very widely diffused in Nature, and the 
most stable compound of the two, ought to be repre- 
sented by the simplest symbol ; or, in other words, that 
the ratio between the quantities of oxygen and hydro- 
gen, which it contains, ought to be taken as the type 
ratio between these elements. 

This reasoning was as unsatisfactory as it has 
proved to be unsound. It might justly have been said 
that the system, although artificial, was consistent in 
itself, and that it better suited the requirements of the 
system to assign to oxygen the proportional number B, 
to select a multiple of that nomber. Indeed, thia 
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wtt tlie ligbt in vbich the whole ecale of proportional 
ntunbcn was n^uded bj * lorge majority of the ttn- 
dents of diemistiy during the first haiS of this cen- 
tory ; and it k only netccciiry to state that the Genn&n 
dMmista, foHoirtng the lead of Berzelius, DEed for rears 
a scale in irhicb osj^gen irae taken as 100, in order to 
fibow bow purely arbitrary the actual numbers were 
considered to be. The only trnth that the numbers 
were believed to reprcBent was the law of definite and 
maltiple proportion ; and, so long as the true propor- 
tiona were preserved, any ecale of nnmberB might be 
used which suited the experimenter'a iancy. 

It IB, however, perfectly true that, in selecting one 
of several multiples, which might be used for a given 
clement in a given ecale, the decision of the chemist 
was not unfrequently influenced by the very ideas 
which now form the basis of our modem ecience ; as ia 
eliown by the fact that the proportional numbers of 
Davy and Berzelius were called chemical equivalents 
by Wollaston, and atomic weights by Dalton and hia 
pupils. But, then, the truths, which these terms now 
imply, were never fully conceived or consistently car- 
ried out. The atomic weights of the new syBtem are 
the weights of real quantities of matter, the combining 
nnmbers of the old system were certain empirical pro- 
portions. So is it in other particulars, and the diffeiv 
ence between the new school and the old is really the 
difierence between clear and misty conceptions. 

Our modern ecience is a philosophical system, based 
on ideas distinctly stated and consistently developed. 
The chemists of the old school can hardly be said to 
have had a philosophy, but they had an admirable no- 
menclature, which was almost as good as a philosophy, 
and served to classify the facts while the fundamei 
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V principles of the science were being slowlj developed. 
It was, of course, to be expected tliat the fundamental 
ideas of our science should be conceived separately and 
at first only imperfectly ; and it was not until clear and 
definite conceptions bad been reached, and the rela- 
tions of the several ideas clearly understood, that a 
philosophy of chemistry was possible. Of course, we 
are far from believing that the ideas, now prevailing, 
are necessarily true, and it is perhaps to be expected 
that our modem school will share the same fate as that 
which preceded it ; but we do believe that the coming 
system, whatever it may be, will be based on equally 
clear conceptions, and that, in attempting to clarify our 
ideas and realize our conceptions, we are following the 
right path, and making the only satisfactory progress. 

Before closing the lecture, it only remains for me to 
Bhow how the system of notation I have described may 
be used to express chemical changes, and I can best 
illustrate this use by applying it in a practical exam- 
ple. The experiment I have selected for the purpose 
must be familiar to every one in some form or other. 

In the first place, we have in this large glass vessel 
a white, pulverulent solid, familiarly called soda. The 
chemists call it sodic carbonate. It consists of mole- 
cules, which are each formed of six atoms, two of a 
metal called sodium, one of carbon, and three of oxy- 
gen. Hence, the symbol is NajCOj. In the second 
place, we have in this pitcher a liquid well known in 
commerce under the name of muriatic acid. It is a 
Bolntion in water of a compound which is called in 
chemistry hydrochloric acid. Hydrochloric acid itself, 
as I shall show you at the next lecture, is a gas 
18J times as heavy as hydrogen ; hence its molecular 
Weight is 30^ — and its molecules, as is well known, cOQ- 
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Bist of ODD atom of chlorine and one of Iiydrogl 
Its symbol is then HCI — and the condition of aqueoffi 
6olution we may express by the addition of the letters 
Aq, the initial of aqua, the Latin name of water — thus : 
HCl + Aq. 

On pouring the acid upon the Boda, there is at once 
a violent effervoecence ; and a large quantity of gas la 
ovolved, which will soon fill the glass jar. The old 
substanceB disappear, and new Bubstances are formed. 
This, then, is a chemical process, and such a process, in 
the technical language of cberoiHtry, is usually called a 
reaction^ and as hitherto we have spoken of the factors 
and products of a chemical process, so hereafter we shall 
use the same terms in describing chemical reactions. 

In the present example, the factors are sodic car- 
bonate, hydrochloric acid, and water. What are the 
products ! 

First of all, we have a large volume of colorless 
gas, and not only a large volume, but also a very con- 
sidernble weight, since, for a gas, it is quite a heavy 
substance. In old times this product of the process was 
wholly overlooked ; bat I can easily prove to you that 
there is a no inconaiderable amount of material in the 
upper part of this glass vessel, although in an inviBiblB 
condition. First, by lowering a lighted candle into the 
jar, I can show that the air has been displaced by a 
medium in which the candle will not bum. In the 
Bccond place, by dipping out somo of the gas and pour- 
ing it into this paper bucket, I can make evident that 
its weight is appreciable: You notice that the end of 
the balance-beam to which the bucket ia suspended 
immediately falls ; and see, also, how these candles are 
extinguished, as the heavy gas from my dipper flows 
down on the flames. Lastly, by repeating the espei^ 
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ment on a sniitller scale in front of the lantern, and 
projecting the image of the Bmall glass vessel, we here 
nse, on the screen, I can make the current of gas visible 
BS it flows over the lip. 

This aeriform material is now called in chemistry 
carbonic dioxide, but you are more familiar with it un- 
der the oM name of carbonic acid. It is the chief prod- 
uct of the buiiiing of coal and wood; and, when you 
are told that every ton of coal burned yields 3J tons of 
this gas, yon can conceiye what immense floods are be- 
ing constantly poured into the atmosphere from 1 
throats of our chimneys. It is also being contimially 
formed, and in still greater amounts, by the processes 
of reapiration, fermentation, and decay. Although fa- 
miliarly known only in the state of gas, it can readily 
be reduced by pressure and cold to the liquid condition ; 
and, when io this condition, is easily frozen, forming a 
transparent solid like ice, or a loose, flocculent material 
like snow, under different conditions. It is a com- 
pound simply of carbon and oxygen, and no fact of 
chemistry is better established than that every mole- 
cule of this gas consists of one atom of carbon and two 
atoms of oxygen. Hence its symbol is CO,. 

The presence of the other products formed in our 
experiment I cannot make so readily evident to you, 
although they are really far more tangible than this 
gas. One of them is water, which at once r ' 
with the large body of water need in the experiment. 
The other is common salt. This dissolves, as it forms, 
in the water present ; bat, after the reaction is ended, 
it can easily be isolated by evaporating the brine. We 
will start the process, so that any one who is skeptical 
can satifify himself, by tasting the residue, that common 
Bait has been really formed. 
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Common salt is composed of a metal, sodium, : 
chlorine gas. Its molecules are known to consist, etu 
of an Htom of sodium and an atom of chlorine. Hem 
its symbol is NaCI. 

Let us now write the factors of this reaction oppi 
eite to the products, so that we can compare them ; 



Na,CO, 



HCI 



Now, let me remind you of a simple principle, 
■which we must apply in interpreting this reaction. 
No material can be lost. These atoms are indestructi- 
ble, BO far as we know. If, then, we have here all the 
factors and all the products (and there can be no doubt 
whatever on this point), there must he just as many 
atoms of each element in the products as there are in 
the factors, and vice versa. Now, there are two atoms 
of sodium in the molecule of sodic carbonate. Hence 
there must be two atoms of the same element in the 
products, and we must therefore write SNaCl. Th* 
molecule of water in the products has two atoms 
hydrogen ; hence we must write 2HC1 among the 
tors. Thus amended, our reaction becomes : 
Na,CO, + 2HC1 = 2Na01 + H,0 + 00,. 

Now, since the quantity of material represenl 
among the products exactly equals that representet 
among the factors, we may very properly employ the 
equation-sign of algebra to separate the two members 
of our reaction ; and, further, it becomes equally nat- 
ural to separate the several terms by the plus sign. 
When, now, we study the chemical change, as thus 
written out for our inspection, we see that, in the pi 
cess, each molecule of sodic carbonate is acted upon 
two molecules of hydrochloric acid. The two al 
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of Bodimn (Naj) from the mo]ecu]e of sodic carbonate 
(NfljCOa) unite each with an atom of chlorine (CI) 
from the two molecules of hydrochloric acid (2HCi), 
and there are thus formed two molecules of common 
salt (2NaCl). Meanwhile, the original molecules hav- 
ing been broken up, the other atoms group themselves 
together to form a molecule of water (HjO) and a mole- 
cule of carbonic dioxide (COj). In a word, the chemi- 
cal change consists in the breaking up of the old mole- 
cules and the rearrangement of the atoms to form 
others, and you will notice how perfectly our system of 
eymbols enables us to follow the steps of the proceag. 

In saying that this equation represents the pro- 
cesB, we assume the truth of the prmciple, already so 
often reiterated, that what is true of the molecules is 
true of the substances. Our equation merely repre- 
sents the reaction between one molecule of sodic car- 
bonate and two of hydrochloric acid. Of course, there 
were billions on billions of molecules in our glass jar, 
but then the action here represented was simply so 
many billion of times repeated. 

There ia only one other point in connection with 
this experiment to which I wish to call your special at- 
tention before closing the lecture. We used a great 
deal of water in the process, and the experiment would 
not have succeeded without it. Now, what part does 
the water play ? An essential part — and this pomt Iiaa 
a most important bearing on our theory of molecules. 

The reaction we have been studying takes place, aa 
we have said, between molecules. But, in onler that ' 
the molecules of the one body should act on those of the 
other, it is obviously necessary that they should have a 
certain fi-eedom of motion. If the molecules had been 
rigidly fl.'ted in the materia] of the two substances, it 
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would obviously have been irapoesiblo for them to maiv- 
glial theniBelvea in the manner we have described, two 
of one substance associating with one of the other in 
the resulting chemical process. Now, in a solid body, 
the molecules are to a great extent £xed, and hence no 
cliemieal action is possible between such substances, 
except to a limited extent. There are, in general, two 
ways bj which the required freedom of motion can be 
obtained : One is to convert the substance into vapor, 
when, as we have seen, the molecules become com- 
pletely isolated, and move with great velocity through 
spape, their motion being only limited by the walls of 
the containing vessel ; but this method is only appli- 
cable to volatile bodies. The second method is to dis- 
solve the solid in some solvent, when the molecules, as 
before, become isolated, and move freely through the 
mass of the Uquid, The last is the method generally 
used, and water, being such a universal solvent, is the 
common vehicle employed to bring substances together, 
and for that reason it enters into a very great number 
of chemical changes. Such was its office in the process 
we have been studying. We dissolved both the sodic 
carbonate and the hydrochloric acid in water, in order 
that their molecules might readily coalesce. An experi- 
ment will enforce the principle I have been enunciating ; 

There are a great many substances which will act 
on sodic carbonate like hydrochloric acid ; for example, 
abnost all the so-called acids or acid salts, and, among 
others, that white solid with which you are famihar un- 
der the name of cream-of-tartar. Here we have 
of-tartar and sodic carbonate, both in fine powder, and 
■we have been carefully mixing them together in tliiftj 
mortar. Yon see, there is no action whatever ; and, 

y place, we can keep the mixture indefinitely wil 
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ont change. If^ however (placing the mixture in thia 
glass vessel), we poor water over it, we have at once a 
brisk effervescence, and carbonic dioxide is evolved as 
before. It required the water to bring the molecolea 
together. 

Since, then, the water plays snch an important part 
in the reaction, I prefer to indicate its presence, and 
this may be done by using the symbol Aq. as previously 
described. 



(NaiCO, +2nCl + Aq.). 

BdliitloD ot Sndic Cirbfiinle 
uid Ufilracblaila Acid. 



: (2^aCl + n,0 + Aq.) + CO.. 



This indicates not only that both of the factors are 
in solution, bnt also that we have, as one of the prod- 
nctfl, a solution of common salt. That the second prod- 
uct, carbonic dioside, is a gas, I sometimes indicate by 
a line drawn over the symbol, as above. 

The second reaction ia equally gimple, bnt cream- 
of-tartar has a vastly more complex molecule than HCl. 
Its symbol is HIvCiHjOs, that ia, each molecule con- 
sists of four atoms of carbon, six atoms of oxygen, one 
atom of potassium, and five atoms of hydrogen. I 
write one of the atoms of hydrogen apart from the 
rest, because it has a very different relation to the 
molecule — a relation which I shall hereafter explain. 
The reaction would be written thus ; 
(NajCO, + 2HEC.H,0, + Aq.) = 



With this reaction many of my audience must be 
familiar, as a mode of raising dough in the process of 
making bread. The fiist member of the equation in- 
dicates that the two substances are used in solution. 
There is Ibrmed, as the product of the reaction, be- 
sides the carbonic dioxide gas, which puffs up the 
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dough, the eolation of a salt, whose molecule has the 
complex constitution I have indicated, and which is a 
well-known medicine under the name of Rochelle-salts. 
When soda and cream-of-tartar are used in making 
bread, this salt remains in the loaf. The amount 
formed is too small to be injurious, but I cannot but 
think, although it may be a prejudice, that chemicals 
had better be kept out of our daily bread. 
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To master the Bymbolical language of ehemiBtry, so 
as to understand fully what it expresses, is a great step 
toward mastering the eeienee; and so important is this 
part of my subject that I propose to occupy the hour 
this evening with a number of illustrations of the use 
of symbols for expressing chemical changes. 

First, I will recur to the experiment of the last 
lecture, for we have not yet learned all that it is cal- 
culated to teach. 

Let us again write on the blach-board the symbols 
which represent the chemical process : 

(Na,CO, + 2H0I + Aq.) = (2NaCl + H.O + Aq.) + COT. 

BndJa afdcnehlorla Oanunon Water CDrbonto 

OutntuM, Add, Bolt DUiiideOa*. 

We bring together a solution of sodic cai'honate 
and hydrochloric acid ; and there are formed as prod- 
nets a solution of eonmaon salt, water, and carbonic 
dioxide gas. I need not refer again to the circum- 
stance that the state of solution is an essential condi- 
tion of the change, for this point was fully discussed 
at the time ; but, before we pass on to another experi- 
ment, I wish to call your attention to the fact that the 
Lfioveral terms iu this eijuation stand for absolutely defi- 
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nite weiglita of tlie (jnaiitities they represent. Eaclt- 
symbol gtands for the known weights of the atoms 
■which are tabalated in this diagram (table, page 128), 
and the -weights of the molecules, which the eeveral 
terms represeut, are found by simply adding up the 
weights of the several atoms of which they consist. 
When the substance is capable of exiating in the aeri- 
form condition, its molecular weight can be found, as I 
have shown, from its specific gravity ; but these sym- 
bols assume that either by this or by some other method 
the constitution of the molecule has been determined ; 
and, now that the result is expressed in symbols, noth- 
ing is easier than to interpret what they have to tell 
U8. To begin with the sodie carbonate, NaaCOa. The^ 
weight of this molecide is 2x23+13-j-3xl6 =: 46 
13-1-48 = 106 m.c. The weight of the molecule Hi 
is l-|-35,5 = 3C.5, and two such molecules would weigh 
73 m.c. Next, for the products, we have NaCl = 23-|- 
35.5 = 58.5, and SNaCI = 117.0, also COa = 12-1-32 
= 44, and H^O = 2 + 16 = 18. Hence the terms of our; 
equation stand for the weights written over them below; 

infl TO 111 IS 44 

(Na,CO, + 3HC! -|- Aq.) = (aNa01+n,O + Aq.) + CO, 

We leave out of the account the water represented 
by Aq., for this, being merely the medium of the reac- 
tion, is not changed. Now we can prove our work ; 
because, if we have added correctly, the sum of the 
weights of the factors must exactly equal the sum of 
the weights of the products— and so it is 106-1-78 = 
179, and 117 + 1^-1-44 = 179. Besides the information 
which the equation gives us in regard to the manner 
in which the chemical change takes place, the s.ymbols 
also inform us that lOfi parts by weight of sodic car- 
bonate are acted upon by 73 parts by weight of hydro- 
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diloric acid, and that the jield is 117 parts of conunoa 
Bait, 18 parts of water, and M parts of carbonic-dioxide 
gas. 

We learn from this, in the first place, the exact 
proportion in which the eodic carbonate and hydro- 
chloric aoid can be must economically used ; for, if the 
least excess of one or the other substance over the pro- 
portions indicated ia taken, that excess will be wasted. 
It will not enter into the chemical change, but will be 
left behind with the salt and water. 

Assume, then, that we have 500 grammes of sodic 
carbonate, and we wish to know what amount of hy- 
drochloric acid to use, we simply mahe the proportion 
as 106 ; 73 =■ 50U : x ::= 344^^. Again, suppose we 
wish to know how much common salt would be pro- 
duced from these amounts of sodic carbonate aud acid, 
we write a similar proportion — 

100 : 117 = 500 : as = 553, nearly. 

So, then, in any process, after we have written the 
reaction as above, if the weight of any factor or prod- 
uct is given, we can calculate the weight of any other 
factor or product by this simple rule : 

As the total Tuolecular weight of the substance given 
iato t/ie total molecular weight of the aubstanoe regruired, 
to ieihe given weight to the reguired weight By total 
molecular weight we mean, evidently, not the weight 
of a single molecule, but the weight of the number of 
moleciiles which the equation indi'jates. 

This may be called the golden rule of chemistry. 

In the laboratory wo never mix our materials at 
random, but always weiu;h out the exact proportions 
found by this rule. Wlien one of the products is a 
gas, as in the present case, a simple modification of tha 
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rale eaaiAe* as to calculate the volume of the reenlthig 
gas. Bnppoe^ for example, we wished to calcukte 
what volame of carbonlc-dioside gaa could be obtained 
from 500 grammes of Bodic carbonate. We should first 
fiod the weight bjr the above rule: ^M 

lOG : 44 = 500 : z = 3071, Dearij. ^M 

The answer is 207J grammes of carbonic dioxide. 
To find the corresponding volnme in litres, we have 
merely to divide this value hy the weight of one litre 
of the gas. Is ow, there are tables, in which the weight 
of one litre of each of the common gases is given; but 
Euch tables, although convenient, are not necessary, 
when, as in a written reaction, we know the molecular 
weights of the substances with which we are dealing. 
Yoo remember that the molecular weight is always 
twice the specific gravity with reference to hydrogen. 
Half the molecular weight is, then, the speciiic gravity 
with reference to hydrogen. For example, the molecu- 
lar weight of carbonic dioxide (COj) is 44, and its spe- 
cific gravity with reference to hydrogen 22 — in other 
words, a litre of carbonic dioxide weighs 22 times as 
much as a litre of hydrogen. Now, a litre of hydi-o- 
gen, under the normal pressure of the atmosphere, and 
at the freezing-point of water, weighs one crith, or 
0,0896 gramme, or, near enough for common purposes, 
0,09 gramme. If, then, a Hti-e of carbonic dioxide 
is 22 times as heavy, its weight is 22 criths, or 22 x 
0.09 = 1.98 gramme. Our total product, above, be- 
ing 207i grammes, the number of litres will be 207^ -i- 
1.98, or very nearly 104 litres. A litre, as I have said, 
ia very nearly If pint, but we always use these French 
weights and measures in the laboratory, so that the 
Talues are as Bigoificont to the chemist as are ponudf 
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and pints to the trader. The general rule, then, 
this : We first find the weight of one litre of the gas in 
grammee, by simply multiplying one-half of its niolec- 
iilar weight by j^, and then we reduce the weight of 
the gas in grammes to litres by dividing the weight by 
this product. 

Let us pass, now, to another ease of chemical 
cliange, and the example which I have selected is 
closely related to the last. One of the products of 
that reaction was carbonic-dioxide gas, and here we 
have a jar of tbat aeriform sobatance. On the other 
hand, I have in this bottle an elementary substance, 
called sodium. It belongs to the class of metals, and is 
of the constituents of sodic carbonate, which wa 
used in the former experiment. I now propose to 
cause these two substances to act chemically upon each 
other; but, as before, no chemical action will result 
unless the molecules have sufficient freedom of motion. 
Those of the carbonic-dioxide gas are already as free aa 
the wind, moving with immense velocity through this 
jar. But not so with those of the sodium. In the 
usual solid condition of this metal, the motion of its mol- 
ecules is restricted within very narrow limits. Before, 
we gave freedom to the molecules of sodic carbonate and 
hydrochloric acid by dissolving the substances in water. 
That method is not applicable here, for sodium acts 
chemically on water, and with great ^'ioleuce ; but we 
can reach a similar result by melting the sodium, and 
heating the molten metal until it begins to volatilize. 
Then, on introducing the crucible containing the seeth- 
ing metal into the gas, the molecules of the sodium, as 
they are forced up by the heat, will come into contact 
with those of the carbonic dioxide, and a violent chemi- 
cal action will he the result. 
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This actioQ is m&de evident to yoa by the brilliant 
light evolved, and the Boditim, as voa would B&y, is 
burning in tiie carbonic-dioside gas. Let as now rep- 
resent tbia chemical change by oiir symbols. 

Beginning with the factors, the molecule of carbonic 
dioxide, aa already slated, is represented by the symbol 
COj. The weight of the raolecale of sodium bas not 
yet been accurately determined ; and, in the absence 
of exact information, we will assume, as is most prob- 
able, that the molecnlar weight is twice the atomic 
weight, or, in other words, that the molecules consist 
of two atoms, Na-Na. Passing, nest, to the products, 
we find only two, charcoal, and a substance called 
sodic oside. As regards the last, we have every rea- 
son to believe tliat its molecules consist of two atoms 
of sodium united to a single atom of oxygen, NsjO. 
About the charcoal molecules, we Lave no means of form- 
ing even a probable inference ; and we will, therefore, 
as is usual in such cases, represent them aa eonsiating of 
single atoms. Hence, writing the products after the 
factors, we have — 



Remembering, now, that the number of atoms on 

the two sides must be the same, it is evident that the 
amount of oxygen in a molecule of COj will yield 
2NajO; and, further, that, to form two molecules of 
NajO, two molecules of Na-Na are necessary. Hence 
our reaction must be written : 



rO, + 2N"fl-Na = + 3Na,0. 
By thin ive learn that, from one molecule of carbonic 
dioxide (COa) and two molecnlea of sodium (SNa-Na'), 
there are formed two molecules of sodic oxide (SNajif 
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and one atom of carbon (C). It is probable that the 
atoms of carbon group themselves into molecules ; but, 
as we know nothing aboat their constitution, we can- 
not express it by our symholB. 

Both of the products of this procees are solids, and 
will be found, at the close of the experiment, in the 
email iron crucible in which the sodium was melted 
and introduced into the jar of carbonic-dioxide gas. 
The eodic oxide is a white solid, whii-h is very soluble 
in water, or, rather, combines with water to form what 
is called caustic soda, which dissolves in the liquid ; and 
caustic soda, as you well know, is a very important 
chemical agent. But the chief interest in this experi- 
ment centres about the other product. Charcoal is one 
of the forms of carbon ; and the peculiar chemical re- 
lations of this element, which are illustrated by our ex- 
periment, Eire not only highly interesting in themselves, 
but have an important bearing on the subject of these 
lectures. I shall, therefore, digress for a moment from 
my immediate topic, in order to bring these facts to 
your notice. 

Carbon, as you probably know, ia one of the most 
remarkable of the chemical elements. In the first 
place, it is moat protean in the outward aspects which 
it assumes. These brilliant crystals of diamond, the 
hardest of all bodies ; this black graphite, as extreme 
in softness as is the diamond in hardness ; these still 
more familiar lumps of coal, are all formed of the same 
elementary substance. In the second place, the various 
forms of fuel used on the earth also consist chiefly of 
this element, which is, therefore, the great source of onr 
artificial light and beat, and the reservoir of that en- 
ergy which, by the aid of the steam-engme, man uses 
with Buch effect. 
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All carbonaceous materials used as fiiel, n'betn 
wood, coal, oil, or gas, if not themselves visibly orgai 
ized, were derived from organized etnictures, chiefly 
plants ; and all the light, all the heat, all the power, 
which they are capable of yielding, were stored away 
during the process of vegetable growth. The origin 
of all this energy is the sun, and it is brought to the 
earth by the sun's rays. Coal is the charred remains 
of a former vegetation, and the energy of our coal-beds 
was accumulated during long periods in the early ages 
of the geological history of the earth. Wonderful aa 
the truth may appear, it is no less certain that the 
energy which drives our locomotives and forces our 
steamships through the waves came from the sun, than 
that the water, which turns the wheels of the Lowell 
factories, came from the springs of the New-Hampshire 
hilla. How it eomea, how there can be so much power 
in the gentle influences of the snnbeam, is one of the 
great mysteries of Nature. We believe that the effect 
is in some way connected with the molecular structure 
of matter ; but our theories are, as yet, unable to cope 
with the subject. That the power comes from the eun, 
we know ; and, moreover, we are able to put our finger 
on the exact spot where the mysterious action takes 
place, and where the energy is stored ; and that spot, 
singular as it may appear, is the delicate leaf of a plant. 

This same carbonic dioxide, on which we are here 
experimenting, is the food of the plant, and, indeed, 
the chief article of its diet. The plant absorbs the gas 
from the air, into which it is constantly being poured 
from our chimneys and lungs, and the sun's rays, act- 
ing upon the green parts of the leaf, decompose it. 
The oxygen it contains is restored to the atmosphere, 
■while the carbon remains in the leaf to form the stroofc- 
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B of the growing plant. This change may be repre- 
inted thus : 



CO, 







O^. 



Now, to tear apart the oxygen atoms from the 
carbon reiiuirea the espenditnre of a great amount 
of energy, and that energy remains latent until the 
wood is burned ; and then, when the carbon atoms 
again unite with oxygen, the energy reappears undi- 
minidied in the heat and light, which radiate from the 
glowing embers. Just as, when a clock is woimd up, 
the energy which ia expended in raising the weight re- 
appears when the weight falls ; so the energy, which is 
expended by the euu in pulling apart the oxygen and 
carbon atoms, reappears when those atoms again miite. 
This is one of the most wonderful and mysterious ef- 
fects of Nature ; for, although the process goes on so 
Bilently and unobtrueively as to escape notice, it accom- 
plishes an amoimt of work compared with which most 
of the noisy and familiar demonstrations of power are 
mere child's-play. It is one of the greatest achieve- 
ments of modem science, that it has been able to meas- 
ure this energy in the terms of our common mechanical 
unit, the foot-pound ; and we know that the energy 
exerted by the sun and rendered latent in each pound 
of carbon, which is laid away in the growing wood, 
would be adequate to raise a weight of five thousand 
tons one foot. 

The chief interest connected with the experiment 
before ub is to be found in the fact that it is almost the 
paralle] to the process which is going on in the leaf of 
every plant that waves in the simshine. Compare the 
two reactions aa they are here written, the one over 



^^he other : 



CHEUIOAL BEACTIONS. 

CO, + 2Sa-Nn = + 2NaO. 
CO, = + 0=0. 

In the firfit, the cause of the breaking up of the COj 

molecule is evident. The molecules of t!ie sodium 
have what is called an intense affinity for the atoms 
of oxygen, and attract them with such power as to tear 
them away from the atom of carbon, Now, when you 
remember that the atoms of carbon and oxygen are 
united by such a force that it requires the great energy 
I have described to tear them apart, and in the light 
of this knowledge study the second reaction, yon will 
fail to find in the symbols any adequate explanation of 
the effect. And they cannot explain it ; for the sun's 
energy cannot be expressed by a chemical foiinula. But, 
yet, this energy does here precisely the same work 
which the sodium accomplishes in our crucible. More- 
over, there is another striking analogy between the two 
processes, which must not be overlooked. 

The carbonic diosido is decomposed in a vegetable 
leaf; and, of the two products of the reaction, the oxy- 
gen gas escapes into the air, while the carbon is depos- 
ited in the vegetable tiseue. This relation between 
the two products depends on the aeriform condition of 
oxygen on the one hand, and the great fixity of carbon 
on the other. Carbon is peculiar in this respect : In all 
its conditions, whether of diamond, graphite, or coal, it 
is one of the most fixed solids known. Even when ex- 
posed to the highest artificial heat, it never loses its 
solid condition, and so the molecules of carbon, as they 
form in the leaf, assume their native immobility, and 
become a part of the skeleton of the growing plant. 
To fully appreciate this remarkable relation of carbon 
to organic stmctures, you must recall the fact that the 
only other three elementary substances, of which ani- 
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Vmals and plants cliiefly consist — oxvgen, hydrogen, and 
nitrogen — are not only aeriform, but they are g&scs, 
which no amount of pressnre or cold is able to reduce 
to the liquid or solid condition. All oi^nized beings 
may be said to be skeletons of carbon, which have con- 
densed around the carbon atoms the elements of water 
and of air. 

This point is one of such interest that a familiar 
illnstration of it may be acceptable. When a piece of 
wood is heated out of contact with the air, the volatile 
elements, hydrogen, oxygen, and nitrogen, are driven 
oS in various combinations, while the carbon molecules 
sre left behind, retaining the same relative position 
they had in the tree ; and, if we examine the charcoal 
with a microscope, we shall find that it has preserved 
the forms and markings of the cells, and the rings of an- 
nual growth ; and, in fact, all those details of struetnre 
which marked the kind of wood from which it was made. 

My assistant has projected on the screen a magni- 
fied image of a thin section of wood, which has been 
thoroughly carbonized, and you see how strikingly the 
Cicta I have stated appear, 

Now, just as the non-volatile carbon is deposited 
from the carbonic dioxide in the cell of the plant, so in 
our experiment is it deposited in the crucible. Both 
of the products of the reaction are to a great extent 
fixed, but the carbon by far the most so ; and, in this 
experiment, all, or, at least, a great part, of the carbonic 
dioxide, which previously filled the jar, has deposited 
the carbon it contained in the iron crucible. In the 
plant the carbonic dioxide, which passes through the 
structure in the process of plant-life, leaves its carbon 
in the leaf or stalk ; and so here, the cnrlionic dioxide, 
which is brought by the currents in the jar in contact 
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with the heated Bodium, leaves its carljon 
ble. In order to sliow you that carbon hi 
formed, I will now remove the crucible, and quench it 
with water. The 6odic oxide (NajO) dissolves, and the 
charcoal is eet free, and you see that the water in 
jar is black with the particlee of floating charcoal 

Let us now pass on to study a remarkable aeries 
chemical changes, in which carbonic dioxide also plays 
an important part. The first of the series is one with 
which you are all so familiar, that it is perhaps not im- 
portant to repeat it in this place ; but, as I am anxious 
that yon should have the processes we are studying 
presented to you in visible form, I will make the ti'ivial 
experiment of slaking some common lime. 

The action is very violent, and great heat is devel- 
oped. As we shall hereafter see, the evolution of heat 
is an indication of chemical combination, and, in the, 
case before us, the lime unites with the water. Let 
try to represent this change by our symbols. 

Lime is a compound of a metal we call calcium and 
oxygen. It is, in a word, a metallic ore ; and I have a 
small bit of the metal which it contains in this tube. 
By projecting an image of the tube on the screen, you 
can see almost all that I can, save only that the metal 
has a brilliant lustre and ruddy tint, like bismutli. A 
molecule of lime is formed of two atoms, one of tliis 
metal and the other of oxygen. Hence the symbol 
CaO. A molecule of water, as we know, is represented 
by HjO. The product of the reaction is a light, white 
powder we familiarly call slaked lime, and its analysis, 
interpreted by its chemical relations, shows that it ' 
the constitution CaOjHa. The chemical name is ca 
hydrate, and the change by which it was produced 
Tiresa thus : 
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Iq this reaction, as you see, two molecules auite to 
form a third, which ooDsista of the atoms of the other 
. two. If, now, we mix this slaked lime with a larger 
body of water, tho result is an emulsion called milk-ol- 
lime, and consisting merely of particles of the liydrato 
enspended in water. A part of the hydrate actually 
dissolves ; and, if we employ ns much as 700 times its 
volume of water, the whole dissolves, forming a trans- 
parent solution. This milk-of-lime, then, is a solu- 
tion of calcic hydrate, containing a large excess of the 
Bolid hydrate in suspension. But there is a very sim- 
ple means of sepai-ating the solid fi-om the solution. 

We use for the purpose a circular disk of porous I 
paper, called a filter, which we fold in the shape of a 
cone, and place in a glass funnel. On pouring the tur- 
bid liquid into the paper cone, the clear solution will 
trickle through the pores of the paper, but the solid 
sediment will be retained on the upper surface. 

Having now obtained a clear solution of calcic hy- 
drate (CaOgHj +Aq), 1 propose to show you next the 
action of carbonic dioxide upon it. I have already shown 
yon this reaction as a test for carbonic dioxide, but wo 
will now study the chemical process more iu detail. 
Pouring our clear solution into this Jar, we will pour in 
after it a quantity of carbonic dioxide, which, although 
a gas, is bo heavy that we can handle it, as you remem- 
ber, very much hke a liquid. The gas is now resting on 
the solution, but the action is exceedingly slow ; for, 
although the particles of the calcic hydrate are free to 
move in the liquid, and those of the carbonic dioxiOu 
in the space above the liquid, yet each is restricted to 
those spaces, and tlie two sets of molecules cannot 
come in contact, except at the surface of separation. 
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But, let us shake up tlie liquid, bo as to bring the mole* 
cules of both liquid and gas in contact, and j 
that, at once, we have a very mai'ked change. The 
liquid becomcB tiu-bid, and, after a while, a quantity of a 
white powder will fall to the bottom, which, if collected 
and examined, will be found to be identical with chalk. 
Now that you are acquainted with our method of no- 
tation, I can best explain to you this change by writingj 
at once the reaction : ■ 

(CaOjH, + C0, + Aq.) = 

Cnldo nydrato. Cfl 

The symbols of the factors of the reaction yon will 
at once recognize, and you will also interpret the 
meaning of Aq., used to indicate that the calcic hy- 
drate and carbonic dioxide come together in solution. 
Among the products of the reaction, the first symbol 
represents one molecule of calcic carbonate, the mate- 
rial of chalk. This body, being insoluble in water, 
drops out of the solution, and forms what is called a 
precipitate, a condition which we indicate arbitrarily 
by drawing a line under the symbol. The only other 
product of the reaction is water, which, of course, min- 
gles with the great mass of water present, and this 
express by HaO + Aq. 

I need not tell you that this white powder is 
only the material of chalk,, but the material of the 
limestone-rocks, which form so great a part of the 
rocky crust of our globe. Not only the rough moun- 
tain limestones, but the fine marbles, and that beauti- 
ful, transparent, crystalline mineral we call Iceland- 
spar, are aggregates of molecules, having the same con- 
stitution as those which have formed in this experi- 
ment. The difi'erences of texture may, dniibtless, be 
referred to differences of molecular aggregation ; but, 
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we have not yet been able to discover, either what the 
difference is, or on what it depends. 

In order to produce the last reaction, we poured tlie 
gas npon the solution of calcic hydrate ; and the chalk 
was only prodaeed as fast as the gas dissolved in the 
liquid. We shall obtain the reaction more promptly, 
if, instead of taking the gas itself, we employ a solution 
of the gas in water, previouBly prepared. Moreover, 
this form of the experiment will enable me to show 
you a phase of the process which might otherwise es- 
cape yonr notice. I need not tell jon that we can 
easily obtain snch a solution ready-made to our hands. 
That beverage, which we persist in miscalling soda- 
water, is Bimply an over-saturated solution of carbonic 
dioxide in water, made by forcing a large excess of the 
gas into a strong vessel filled with water. At the or- 
dinary pressure of the air, water will dissolve its own 
volume of this gas ; but, when forced in by pressure, 
the water dissolves an additional volume for every 
additional atmosphere of pressure. As soon, how- 
ever, as this solution is drawn out into the air, the ex- 
cess of gas above one volume escapes, causing the effer- 
vescence with which we are so familiar. Carbonic di- 
oxide is formed in the process of fermentation by 
which beer and wine are prepared ; and it is the es- 
cape of the excess of this' gas, dissolved under pressure, 
which causes the effervescence of bottled beer and 
champagne. The solution in water (soda-water) is now 
flnpplied to the market in bottles called siphons, which 
are convenient for our purpose. 

* Notice that, as I permit the solution to flow into ' 
the lime-water, the same white powder appears as be- 
fore ; but, now, notice fiirtlier that, as I continue to 
add the solution of carbonic dioxide, this white sohd 
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redi68olve8, and we have a beautifully clear eolation. 
It ia generally believed that, under these conditione, 
in presence of a great excess of carbonic dioxide, the 
molecule of calcic carbonate combinea with additional 
atomB of carbon, oxygen, and hydrogen, to form the 
very complex molecnle HjCaCjOg, which is asEumed to 
be soluble in water ; but, as this point is one of donbt, 
I prefer to present the phenomenon to you as simply 
one of Eolation, and as illustrating a remarkable point 
in our chemical philosophy — the fact that the produc- 
tion of a given compound is frequently determined by 
the clrciunstance of its insolubility. The calcic carbon- 
ate forms, in the first instance, because this compound ia 
insoluble ; but, when a proper solvent lite the aerated 
water is present in sufficient excess, no 6uch compound 
results, or, at least, we have no evidence of its forma- 
tion. 

Most of my audience will be more interested, how- 
ever, in this solution of chalk in soda-water {for such it 
is), from the fact that it plays a very important part in 
Nature, and is a common feature of domestic experi- 
ence. Such a solution as this is what we call hard 
water, and spring-water is frequently in this condition. 
Such water is said to kill soap, and is disagreeable when 
used in washing, because the lime in solution forms with 
the fatty constituent of the soap an insoluble, sticky 
mass, which adheres to the hands or cloth. Moi-eover, 
when such water is boiled, the carbonic dioxide is di'iven 
off, and the water loses its power of holding the chalk 
in solution, which is deposited sometimes as a loose 
powder, but at other times as a hard crust on the 
sides of the boiler. 

I cannot readily show you the reprecipitation ui 
dcr these conditions ; hut I have here a crust, whii 
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was formed in a steam-boiler in the manner I have de- 
ecribed. A precisely similar action gives rise to the 
formation of stalactites in lime-caverns, and of a form 
of lime-rock called travertine. Some of the finest mar- 
bles have been formed in this -way. 

Thus it ie that we have been imitating here the I 
production of chalk, limestone, and marble, at least ' 
BO far as the chemical process is concerned. The mole- 
cnle of all these substances has the same constitution, 
expressed by the sj-mbol CaCOj. Now, it is evident 
that 

CbOO. = OaO + CO,. 

Cnldc Carboastt liaie. OnrboDic DwiaJe. 

I mean simply by this, that it is theorotically possi- 
ble to form, fi'om one molecule of calcic carbonate, one 
molecule of lime and one molecule of carbonic dioxide ; 
but it does not follow from this that it is practically pos- 
sible to break up the molecule of calcic carbonate irt this 
way ; and we most avoid the error, not unirequently 
made by chemical students, of being led astray by our 
notation. These equations, which we call reactions, are 
not like the equations of algebra. Any thing that can be 
deduced from an algebraic equation, according to the 
rules of the science, must be true ; but it by no means 
follows that any eombinations we may form with our 
symbols can be realized. We cannot deduce facts from 
chemical symbols. They are merely the language by 
which we express the results of exjyeriment ; and for 
this reason I have been, and shall be, very careful to 
show you the facts before I attempt to express them in 
chemical language. But, in the case before ns, our 
caution is needless, for we can break up the molecule 
' I the precise way which our assumed reaction indi- 
cates; and I will show you, lastly, two additional 
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chemical processes, wliich will bring back our material I 
to the condition of Umo and carbonic dioxide, the eub- J 
stances from which we started. 

The first is a reaction, identical with the one I liava I 
just written. Since the beginning of the lecture, I 
have been strongly heating some lumps of elialk io 
this platinam crucible. The process is a slow one ; and 
it was necessary to begin the experiment early, in 
order that I might show you the result. The chemical 
change is identical, however, with that which may ba 
observed in any lime-kiln, where lime is made by burn- 
ing limestone. Each molecule of chalk, CaCOg, loosea 
a molecule of carbonic dioxide, COa, and we have left 
a molecule of lime, CaO. But the change in the ap- 
pearance of the white mass produced by burning is so 
ehght that I must bring in the aid of experiment to 
prove that any change has taken place ; and, first of all, 
I must show you the test I am going to use. I 

In the first of these two jars I have an emulsion 
of chalk, and in the second milk-of-lime. Notice that 
this piece of paper, colored by a vegetable dye called 
turmeric, remains unchanged when dipped in the emul- 
sion of chalk, but turns red in the milk-of-lime. 

Let ua test, now, the contents of our crucible. Wa J 
will first empty it into some water. The white lumpa I 
almost instantly become slaked, and render the water J 
milky. We will now dip in a sheet of turmeric-paper, 
and you see that, althougli we began with inactive j 
chalk, wo have obtained a material which acta on tho J 
turmeric-paper like caustic lime. Thus, then, we havav| 
regenerated the lime. 

Let ua next see if we can regenerate the carbouio I 
dioxide : 

In the last experiment, carbonic dioxide was pro- J 
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dnced, but it escaped bo slowly, and in Bucli gmall qnanfl 
titles, as entirely to escape notice. Where, however, 
limeBtone is buiiied on a large scale, the ctirrent of gas 
from the kiln is frequently very perceptible ; and more 
than one poor vagi-ant, who has songht a night's lodg- 
ing nndor the shelter of the stack, has been suffocated 
by the Btream. But wo can make evident the produc- 
tion cf carbonic dioxide from chalk without the aid of 
Buch a sad illustration. 
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In this bottle we have some bits of chalk. One of 
the two necks of the bottle is closed by a cork, through 
which passes tightly an exit-tube, to conduct away any 
gas that may be formed. The other is also corked, and-J 
throogh the cork passes a funnel-tube, by which I can^ 
introduce any liquid reagent into the bottle (Fig, 22), 1 
On pouring in some muriatic acid, a violent effervee- 
cence ensues, and a gas is formed which, flowing from 
the exit-tobe, displaces the water in this glass bell. 

The bell stands in what wc call a pneumatic trough, 
and this simple apparatus for collecting gases must, I 
think, be familiar to all of my audience. The open . 
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montli of the bell rests on the dielf of the trough a 
der water, and the liquid is suetained in it bj tho pre 
ure of the air. Let me, while the experiment is goin 
on, write out the reaction : 



We already know the eymbols of all the factors 
and we may, therefore, confine onr attention to t 
products, 

Tho products are, first, carbonio^lioxide gas ; and^ 
eecondly, a solution in water of a compound whose 
moleciile consists of calcium and chlorine, and which 
we call calcic chloride. And, now that the jar is 
filled, I can easily show that we have regenerated car- 
bonic dioxide. liemoving the jar from the trongh, we 
will first lower into it this lighted candle, and then 
pour into it 6onie Iim&-water. The candle is instantly 
extingoished, and the lime-water rendered turbid. 

Thus wo end the torture of these molecules. Ton 
have seen how easily we have formed them, and how 
readily we have broken them up. We began with 
lime and carbonic dioxide, which we united to form 
chalk. We dissolved the chalk in a solution of CO,, 
and learned how, in Nature, various forms of limestone 
could be crystallized from this solution. Lastly, we 
have recovered from the chalk the lime and carbonic 
dioxide with which we begun. I hope yon have been 
able to follow these changes, and to understand the 
htnguage in which they are expreesed. If so, wo have 
taken another step in advance, and, at the next lecture, 
shall be able to go on and classify these reactions, and 
thus prepare the way by which we may reach still fiiP- 
ther truth in regard to this wonderful microcosm of 
molecules and atoms. 
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Before, however, closing my lectnre, I will erabraco 
the opportunity offered by this divieioQ of my subject 
to explain, aa briefly as I eau, the principles of our 
chemical nomenclature. This nomenclature originated 
in 1787 with a committee of the French Academy of 
Sciences, a committee of which the great chemist La- 
voisier was the ruling spirit. It was an attempt to in- 
dicate the composition of a substance by its name, and, 
for half a century after its adoption, it served most 
admirably the purpose for which it was devised, and 
exerted a marked influence on the development of 
chemistry. The nomenclature was based, however, on 
the dualistie theory, of which Lavoisier was the father, 
and, when at last our science outgrew this theory, the 
old names lost much of their significance and appropri- 
atenesa. Within the last few years attempts have been 
made to modify the old nomenclature, so as to better 
adapt the names to our modem ideas. Unfortunately, 
the result, like most attempts to piece out an old gar- 
ment, is far fi-om satisfactory, and reviewers revel in 
the absurdities to which the nomenclature leads when 
applied to many of the products of modem chemical 
investigation. Fortunately, however, chemical symbols 
now supply to a great extent the place of pUilosopliical 
names, and hence the nomenclature is a far less im- 
portant feature in the new chemistry than it was in the 
old. I sliall not, therefore, enter into much detail in 
regard to it, but limit myself to the statement of a few 
rules which will give you the key to the significance of 
the more common chemical terms. 

The names of elementary substances are necessarily 
arbitrary. Those which were known before 1787 retain , 
their old names, such as sulphur, pftosphorus, iron, gold, ' 
and several others, including all the usefol metals. Most J 
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of the more recently-discovered elements have 1 
named in allnBion to some prominent property, o 
circumstance connected with their history: 8 
from ofw? yewdto (acid generator); hydrogen, fromfiSa 
r^ewdto (water generator) ; chlorine, from ;(Xwpo? (green)^ 
iodine, from moSijs (violet) ; hromine, from ffp&ftos (fetid 
odor). The names of the newly-discovered metals have a 
common termination, um, as potasaium, sodium, pla 
nmn ; and, the names of several of the non-metallic d 
ments end in ine, as chlorine, hrominey iodine, j 
Passing neirt to binary compomids — that i 
poimds of only two elements — we notice, first, that the 
simple compounds of the other elements with oxygen 
are all called oxides, and that, in order to distinguish 
the different oxides, we iiae adjectives formed from the 
name of the element with which the oxygen is com- 
bined, preferring however, in many cases, the Latin 
name to the English, both for the sake of euphony and 
in order to secure more general agreement in different 
languages. Thus we have — ■ 

Argentic oxide AgiO H 

Plnmbio oxida PbO I 

Stannic oside SnO, * 

When the same element forms with oxygen two 
compounds the termination ic is retained for the higher 
oxide, while the termination oxts is given to the lowerg^ 
Thus— 

Ferrous oxide FeO 

Ferric oside FosOa 

GnlpluroiM oxide SO. 

Snlphurw oxide SO. 

If there are more than two oxides, or if, in any c 
there are objections to the use of the termination t 
the necessary distinctions are made by means of T 
numeral prefixes : 
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Nitroui oiide NiO 

Kitrio oxide NO 

Dinitrjfl trioxide NaOi 

NitTM dioxide NOi 

Sinitrte pentosido NtOi 

Oarbonio oxide CO 

Carbonw dioxide CO, 

The names of tho binary compounds of the other 
elements are formed like those of the oxides. 
Compoands of Cblorina are called Chloriic*. 



Bromine 

Iodine 

Fluorine 

Suiplinr 

Nitrogen 

Phoapbonifl 

Arsenic 

Antimony 

Carbon 



Bromide* , 

lodida. 

Tlaoiidei, 

Salphidei. 

Nitr icfe», 

Thosphidet, 

Araenidei. 

Ajitimoaidet. 

Cfaboaidei. 



f Moreover, the specific names in the several classes of 

©ompounda also follow the analogy of the oxides, thus : 

StBHOoM chloride SnOli 

(Stannio cliJorido SnCU 
DiferrOQB salpbide FeiS 
Ferrona anlphide FeS 
Ferrio sulphide FeaS. 

Ferrio disDlpbide FeS, 

And here, before we pass on to the names of compounds 
of a higher order, let me ask you to carefully fix in yom- 
memory the fact that the termination ide always indi- 
cates a compound containing only two elements. 

Of comporaids of three or more elements the most 
prominent class is that of the acids, bodies originally so 
called on account of their sharp or acrid taste. Now, 
tiie greater part of the inorganic or mineral acids are 



composed of tlie two elements hydrogen and oxi 
unitiid to some third element, which is the charaete 
constituent in each case ; and, from this third element 
the acid takes its name, tlie terminations ic and owa 
being used as in the case of hinaries to indicate a greater 
or leaa amount of oxygen in the compound. Thus we 
have — 

Nitrou» acid HNO, ^H 

Nitric ncid HNO, ^H 

gulphuraua aoid H.SOi ^H 

Sulphurw acid BiSO, ^H 

rboflphoroiM (void HjPO, 

Phosphoric acid H.PO, 

In every acid we can by various chemical processes 
replace the hydrogen it contains with difEerent metallic 
elements, and we thus obtain a very large class of com- 
pounds called salts. The generic name of the salts of 
each acid is formed by changing the termination io, of 
the name of the acid, into ate, or the termination ous 
into if£, thus : 

SalplinrD«« ncid fonoB Bnlphifa*, 

Solphnrtc acid " Sulphatea, 

Pboapliorout acid " PhosphitM, 

Phosphoritf acid " Fhoaphatet, 

Carboaie acid " Caibonatei, 

Silicic acid " SilicafM, 

and the different salts of the same acid are dieting 
by adjectives as before. For example : 

Nitrio acid HNO, 

Sodic nitriite NaNO, 

Potasaio nitrate ENO» 

Argentic nitrate AgNO, i 

So also ^^^ri 

Sulphnrio acid HtSO, ^^^| 

PotasBio BuIpbBte EiSOi ^^^H 
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Calcic snlphate CBSO4 

MeroaroMs Bnlphate HgnSO, 

Ueraunu sulphnte HgSOi 

FerroiM salphate FeSO, 

Ferrte Bnlphata Fei(SO.), 

The tenninations ous and ic, uaed in the names of 
Ihese ealtB, indicate the same difference in the condition 
of the metallic element which determines the union of 
the metal with more or less oxygen. Ferrous and ferric 
sulphates, for example, correspond to ferrous and ferric 
oxides. The nature of this difference will be diseuased 
in the chapter on quantivalence. 

There is an important class of componnds which 
bears to water a relation similar to that which salts sus- 
tain to their respective acids. This class of compounds 
IB called the hydrates, and may be regarded as derived 
from water, by replacing one-half of its hydrogen. 
Thus we have — 



P 



Potasaic hydrate KOH from HOH 

Calcic hydrate OaOiIIi " 2H0H 

Bismuthio hjdrate BiO.H, " 8H0H 

Bilieio hydrate SiOiH* " 4H0H 



I 



Bo also: 

Femm* hydrate FeO.H, 

Ferrw hydrate FeiOiHt 

The very interesting theoretical relations of the hydrates 
will hereafter be discoBsed. 

"NThen the hydrogen of an acid is only in part re- 
placed, or is replaced by more than one metallic ele- 
ment, the constitution of the resulting salt may stiU be 
indicated by the name, as in the foEowing examples : 

Hydro-disodio phosphate H.NajrOi 

Potassio-alummia sulphate EiAl.^SOOt 
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In like manner the relative proportions of the sevai 
iiigrediente of a salt may be indicated, as in — 

Tetrahydro-calcio diphcaphate II,Ca(PO,), 

Disodic tetraborate (borax) NeiBiOt 

But, as is evident, names like the last two are prac- 
tically useless, and, when we attempt to extend the 

nomenclature to organic componnds, we are led into 
still greater absnrditiea ; go that, although by giving 
arbitrary names to variooB groups of atoms called com- 
pound radicals we have been able, to a limited extent, 
to adapt the nomenclature to this class of substances, 
yet we have been compelled in many cases to resort to 
trivial names like those used before the adoption of the 
nomenclature. The names oil of vitriol, corrosive sub- 
hmate, calomel, saltpetre, borax, cream-of-fartar, etc, of 
the last centnry, have their counterparts in aldehyde, 
glycol, phenol, nrea, morphine, naphthaline, and many 
other familiar names of our modem science. Of course, 
such names are subject to no rules, and, although they 
have been usually selected with care, and indicate by 
their etymology important relations or qualities, they 
must be associated separately with the subetanceB tl 
designate. 



LECTURE IX. 



Among chemical processes we have already difitin- 
gnished two claBses: 1. Analjsia comprising those re- 
actions of which the chief feature — although aot necea- 
sarily the only feature — is the resolution of a compound 
body into elementary suhstances, or else into simpler 
oompOTindB ; 2. Synthesis including such reactions as 
consist chiefly in the anion of elementary Hnhstanccs to 
form compounds, or of simpler compounds to form 
those which are more complex. In addition to tliese 
two, we also distinguish a third class of reactions called 
metathesis, which are chiefly marked by the substitu- 
tian in a compound of one element for another without 
otherwise disturbing the composition of the body, as 
when, for example, by substituting zinc for lead, we 
change acetate of lead into acetate of zinc, or when, 
from chloride of barium and sulphate of copper, we 
obtain chloride of copper and sulphate of barinm. The 
words analysis, sytithesis, and metathesis, are derived 
from the Greek, and signify respectively to tear apartf 
to iind together, and to interchange, and with the same 
meaning we also speak of analytical, synthetical, and 
metathetical reactions, 

Tbia classifiqation, however, is not exhaustive, nor 
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are its categories strictly exclusive ; for, not only are 
there many reactions which cannot be included under 
either of the three types, but, moreover, chemical pro- 
cesses are seldom limited to a single mode of reaction. 
The analysja of one compound is usually accompanied 
by the synthesis of another, and, although examples of 
simple metathesis are very common, yet the interchange 
of elements implied by the term is often followed by 
the breaking up of one or both of the resulting prod- 
nets. Furthermore, as interpreted by the atomic the- 
ory, every chemical change may be regarded as the 
breaking np of molecules into atoms, and the regroup- 
ing of these atoms to form new molecules, and we re- 
quire no other aid in representing any process than that 
which chemical symbols afford. Nevertheless, the terms 
analysis, synthesis, and metathesis, are in such general 
use that it is important to undei"stand their meaning, 
and the old classification will be a useful guide in lay- 
ing out our course of study and preparing the way for 
a wider generalization, which will include all subordi- 
nate distinctions. We wiU study first a few processes 
of which analysis is the predominant feature, and after- 
ward pass to others which are equally characteristic ae 
examples of synthesis, selecting always such examples 
as incidentally illustrate important principles or inter- 
,£^ig facts of the science. Lastly, we wiU study the 
'metatlietical reactions, which are not only very common, 
bat frequently occur undistarbed by other modes of 
chemical change, and the study of this very important 
class of phenomena will show ua some of the latest 
phases which our chemical philosophy has assumed. 

Indeed, the great advances of modem chemistry 
have been largely due to the intelligent study of meta- 
tihetical reactions. As the term metathesis implies, these 
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reactions are not eansed by an entire lirealdng up of the 
molecnleB into atoms, and t!ie production from the wreck 
of new molecules with a wholly different structure, but 
are due simply to an interchange between molecules of 
certain of their parts, the structure of the associated 
molecules not being otherwise altered. Hence it is fre- 
quently possible to infer from the known structure of 
the factors of such reactions what must be the structure 
of the products, or the revoi-se ; and by starting from 
the simjjlest molecules, in regard to whose structure 
there can bo no doubt, and following out this principle 
through a series of reactions, we have been able to reach 
definite conclusions in regard to the structure of highly 
complex products. 

Of the analytical reactions I will select for our first 
illustration the process by which oxygen gas is usually 
made. The common source of oxygen is a white salt 
called potassic chlorate. This salt has a very sooth 
effect on an irritated throat, and is perhaps best known 
from the troches in which it is the active ingredient, 
but the great mass of the potassic chlorate manufactured 
is used for fireworks or for making oxygen gas, and it 
is to the last use we now propose to apply it. For this 
purpose, we have only to heat the salt to a low, red 
heat in an appropriate vessel. We use here a copper 
fiask, and connect the exit-tube with the now familiar 
pneumatic trough. "While my assistant is preparing 
the oxygen gas, I will explain to you the process. 

Although potassic chlorate is a non-volatile solid, 
and we have no direct means of weighing its molecules, 
yet, from the purely chemical evidence we possess, 
there is no doubt whatever about its molecular consti- 
tution. It is expressed by the symbol KCIO,, and, 
in the process before us, the potassic chlorate simply 
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lirualcH np into another salt called potaede dilo?ide md 
oxygon gaa, 



EaO. 



Ka 



Oh 



ttut U, each molecule of the Bait ^ves a molecule of 
poUuic chkiride and three atoms of oxrgen. Notice 
that I aay three atoms ; for this is a point to which I 
most call your attention. 

Wc arc not dealing here with an example of pare 
analysis, although that feature of the reaction pre- 
dominates over every other. Oxygen gas ia the 
prodnct formed; and, ae I have several times said, 
wo know that the molecules of oxygen consist of 
two atoms. Hence, the three atoms which the heat 
drivcH off must pair, and, from three atoms, we can 
only miilce one molecule. ^Vhat, then, is to become of 
tht! third atom, which seems to be left out in the cold ? 
You must have already answered this question; for 
yott remember that our symbols only express the 
change in one of the many millions of molecules 
which are brealdng up at the same instant ; so there 
can be no want of a mate for onr solitary atom. In- 
deed, two molecules of chlorate will give us just the 
number of atoms we want to make three molecules of 
oxygen gas. Hence, we should express the change 
more accurately by doubling the symboli 



Let me next remind you that these symbols expi 
exact quantitative relations ; and, as some of my young 
friends may desire to know how to calculate the amount 
of chlorate tbey ought to use in order to make a given 
Viiliime, say, ten litres of oxygen, I will, even at the 
riik uf a little recapitulation, go tihrough the calcok- 
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tion : A molecule of KClOa weiglis 39.1 + 35.5 + 48 = 
122.6 m.c, and two molecales will weigh 245.2 in.c. 
These yield 2KCI, weighing 2 (39.1 + 35.5) = 140.2 m.c., 
and 30^0, weighing 96 m.c. We must next find the 
weight of ten litres of oxygen gas. To find the weight 
of one litre we multiply the specific gravity of the gas, 
or half molecolar weight, by -j-Jtj. Now, y^ x 16 = 
1.44 gramme. Hence, ten litres weigh 14.4 grammes. 
But, if 90 m.c. of gas are made from 245.2 m.c. of 
Bait, then 14.4 grammes would he ohtained from a 
quantity easily fotmd from the proportion ; 

I 98 : 24C.2 = 14.4 : x = SS.78 grammes. 

I think, after this, we will assume that these gtiaii- 
titative relations are all right, and let them take care 
of themselves. Eetuming to the experiment, before 
I show that the products are tlioee which I have de- 
ecribed, let me give just a word of caution to any of 
my young friends present, who may like to repeat it. 

We find that it is best to mix our chlorate with a 
teavy black powder, known in commerce as black ox- 
ide of manganese. Wliat the effect of the powder is 
we do not know, for it is wholly unchanged in the 
process. But, in some way or other, it eases off' 
the decomposition, which is otherwise apt to be vio- 
lent. In buying the black oxide of manganese you 
must take care that it has not been adulterated with 
coal-dust — for a mixture of coal-dust and chlorate ex- 
plodes with dangerous violence when heated, and seri- 
ous accidents have resulted from the cupidity which led 
to such adulteration. Let me, moreover, say in general 
that, although I highly approve of chemical experi- 
ments, as a recreation for boys, they ought nlways to be 
made mider proper oversight, and according to exact 
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directione, and I would warmly recommend, as a tnu 
worthy companion tor all beginnere, the abridgment o1 
"Eliot and Storer'e Manual of Chcmistiy," rec-eotly 
edited by Prof. Nichols, of the Institute of Teclinol- 

But how shall I show you that this gas we have 
obtained is oxygen i * I know of no better way Xhnu. 
to test it with one of our watch-spring matches, 
no other gas will iron burn like thia. 

So much for the oxygen. Let us next turn to tl 
other prodnct, that I called potaaeic chloride. This 
left in the retort, forming a solid residue, bnt, a 
would take a long time to bring what we have ji 
made into a presentable condition, we must he conti 
to see some of the product of a former process, wl ' 
I have in this bottle. 

At a distance, you cannot distinguish the white sail 
from the potassic chlorate with which we started, but, 
if yon uompared the two carefully, yon would see that 
there was a very great difference between them, I 
can only show you that the crystals of the two salts 
have wholly dili'erent forms. For this purpose I have 
crystallized them on separate glass plates, and I will 
now project a magnified unage of the crystals on the 
screen. There you see them beautifully exhibited on the 
two illuminated disks side by side. The square figures 
on the left-hand disk (Fig, 23) are the projections of 
the cubes of potassic chloride, which differ utterly in 
form from the rhombic plates oi potassic chlorate 
appear on the right (Fig. 24), 

The second example of an analytical process whii 
I have to show you is also familiar to many of my 
audience, and cannot fail to be interesting to the rest ; 
for it is the process by which nitrons oxide is prepared, 
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the gas now so mueli used by the dentistB as an anasB- 
;hetic. It was formerly called langhiug-gas, but the 
jeculiar intoxieation it caosea, when inhaled under cer- 
tain conditions, has been almost forgotten in its present 

^^o^^B ^^^^^^^ 
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jeneficent ajiplication in minor snrgeiy. Nitrous oxide 
18 made from a well-known white salt, prepared fi-om 
one of the secondary products of the gaa-worts, and 
called nitrate of ammonia, or amnionic nitrate. When 
this salt is gently heated in a glass flask, its molecules 
split up into those of nitrous oxide and water. 

Again, let ua make use of the time required forihe 
experiment to explain the process. The molecules of 
ammonic nitrate have the constitution NaHiOa, and 
the change may be represented thus : 

N,H,o. = sn^o + N,o. 

The experiment has been arranged so as to show both 
of the products (Fig. 25). The water eondenses in this 
test-tube, while the gas passes forward, and ia collected 
over a pneumatic trough. Bat what evidence can I 
jive yon tliat these are, in fact, the products ? As re- 
prds the water, yon would readily recognize the ia- 
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miliar liquid, which has collected in the tttbe, coqh 
you examiDe and taste it. Eut, as I caunot offer yon 
this evidence, I will seek for another. Most of you 
iimst be famOiar with the remarkable action of tha__ 
alkaliue metals on water. You see how this lump q 
potaseimn inliniues the moment it tonches the liqnT 




Let [IS Qow see whether it will act in a eimilar way 
the lit[uiJ which has condensed in our tube. ■ . . Thi 
can be no doubt that we are dealing with water. Ki 
for the gaa. Nitrons oxide has the remarkable quality, 
not only of producing anEBsthesia, but also of eustain- 
ing the combustion of ordinary combustibles with great 
brilliancy — like oxygen gas. But tliere is a marked 
difference between nitrous oxide and oxygen, which 
an experiment will serve to illustrate, and this, at the 
same time, will show us that the gas we have obtained 
in our experiment is really nitrous oxide. 

Taking a lump of sulphur, I will, in the first place, 
ignite it, and when it is only burning at a few points 
I will immerse it in a jar of oxygen. As yon see, it at 

■e bums up with great brilliancy. Taking now a 
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11 all admit 



Har lump of eulpliur, and waiting i: 

! ignited more fully tlian before, i will plunge 
it into tliia jar of gaa we have just prepared, and which 
we asBTime to be nitrous oxide. ... It at once goes 
out, and the reason ia obvious. There is an abundance 
of oxygen in the nitrous oxide — relatively, more than 
twice as much as in the air ; but, in the molecules of 
NjO, the oxygen atoms are bound to the atoms of ni- 
trogen by a certain force, which the sulphur at this 
- temperature is unable to overcome. Let me, however, 
heat the sulphur to a still higher temperature, until the 
whole surface is burning, and you see that it bums as 
brilliantly in the compound as it does in the element- 
ary gas. 

In the experiment with ammonic nitrate, this salt is 
resolved, not into elementaiy substances, but only into 
simpler compounds, and it will be instructive to inquire 
how we can push our chemical analysis still further, 
and from the two products — water and nitrous oxide — 
obtain the elementary substances of which ammonic 
nitrate is ultimately composed. We have already seen 
that, by an electric current, water may be changed into 
two elementary aeriform subatancea named oxygen and 
hydrogen, and under such conditions as to prove that 
water consists of these two chemical elements, and of 
these alone. The demonstration having once been given, 
it is unnecessary to repeat this simple analytical process ; 
for in chemistry, as in geometry, we should make httle 
progress if we were always retracing our first steps. 
Passing, then, at once to tho nitrons-oxide gas, let me 
call your attention to two successive reactions which, 
although they liberate only one of the constituc?ntB of 
this compound, clearly point out what the other con- 
Btltaent is, and enable us to estimate ita amount. 
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Heated by this gas-fui 



) a glass tabe, fillej 



througii the greater part of its length with finely-di- 
vided metallic copper. One end of the tube is con- 
nected by air-tight joints with a graduated gasometer, 
from which a regulated amount of nitrouB-oxide gaa 
can be passed through the interstices left by the copper. 
The other end of the tube is connected with a pneu- 
matic trough, and a graduated glass bell receives the 
gas after it has passed over the heated metal. "WTiile I 
have been speaking, the gas-current Las been slowly 
paesing, and the aeriform product bubbling up througl 
the water of the pneumatic trongh into the bell. 
perfectly colorless gas has been flowing in at one end 
the tube, and an equally colorless gas passing out at tho 
other end. Moreover, on comparing the graduations of 
the gasometer and the bell-glase, I find that there has 
been no change of volume. The graduations are in 
French measnre, and just 750 cubic centimetres of gaa 
Lave been collected in the bell ; and the scale shows 
that just 750 cubio centimetres of gas have left the gaa* 
ometer. Has not, then, the gas paesed over the metal- 
lic copper unchanged ? A careless observer, without 
testing the product, might so conclude, although there 
is one circumstance of this very experiment which, if 
he noticed it, would show tim conclusively that a 
chemical change has taken place. The surface of tho 
metallic copper has lost its characteristic color and be- 
come covered with a black powder. Such an essential 
change of qualitiea indicates here, as elsewhere, a chemi- 
cal change, and in this change it is most probable that 
the nitrons-oxide gas has concurred. To make sure of 
this, let us test the aeriform product. Here are two 
jars of gas of equal size. The left-hand jar baa been 
filled with nitrous oxide ; the right-hand jar with the 
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prodaet which would be formed by passing this gas 
over heated copper, and we shall be reminded of the 
fact that tlu3 product has the same volume as the aeri- 
form factor of the reaction by the equal volumes of the 
two gasea as they etaud before us. Are they the same 
Bubstance? "We immerse a bm-ning taper in the ni- 
trouB oxide, and it bums far more brilliantly than in 
the air. We immerse the taper in the other gas, and it 
is instantly extinguished. Evidently we have here a 
very difEerent substance from nitrous oxide ; and this 
inert gas which will not only extinguish a candle-flame, 
but alao the flame of burning phosphorus, and is in all 
its relations singularly inactive, is a very weli-known 
substance named nitrogen, one of the best known of the 
chemical elements. 

Having thus extracted from nitrous oxide one of its 
constituents, we naturally next ask, How much of the 
original material does the nitrogen represent ? And since 
the volume of tlie nitrogen gas obtained exactly equals 
the volume of the nitrous oxide that has disappeared, it 
is obvious that an answer to this question can bo ob- 
tained by comparing the densities of the two aeriform 
substances. Now, while nitrous oxide has 22 times the 
density of hydrogen gaa, the density of nitrogen gas on 
the same scale ia only 14. Hence, while of 22 parts by 
weight of nitrous oxide li are nitrogen, there are 8 
parts in 32 of the material still to be accounted for. 
What has become of it 3 Quite obviously it has united 
with the copper, and heuce the change of color which 
the metal has undergone. If wo had weighed the glass 
tube with ita copper filling before the experiraeut, and 
should now weigh it again, we should find that it had 
gained in weight by the exact amount missing. There 
can be, then, no question where the lost material is, 
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and it woaM bo very satisfactory if we could extract 
from the black powder aud examine the Bubstances afl 
we have the nitrogen gas. But, although this precise re- 
eult cannot be produced, we can readily pass the mate- 
rial into another state of combination so familiar in all 
its relations that we shall require no further evidence 
in regard to the matter. 

For this purpose we will now alter the connections 
of oar tube, passing in hydrogen gas at one end, and 
connecting the exit with a small U-shaped glass re- 
ceiver, in which any volatile product will condense. 
As the hydrogen gas passes over the heated black pow- 
der, I see the color and Instre of the metallic copper re- 
appear, and at the same time drops of a limpid, colorlesa 
liquid appear in the condenser. That liquid is water, 
and the problem is solved. To form water, hydrogen 
must have united with oxygen. The material which 
(inited with the copper to form the black powder in the 
first reaction, and which the black powder has lost in 
this second reaction must be that familiar elementary 
substance — oxygen — sm-rounding us in the atmosphere, 
and with which we are already so well acquainted. The 
black powder is cahed oxide of copper, and the 
processes are simply expressed by chemical symbol 
thus: 

no !NJO| -f Oq = OuO + fNTl. (2.) CuO + H. = Cu 

In the first reaction we have inclosed the Bymbol 
of nitrous oxide and nitrogen gas in squares, in order 
to make prominent a signification of tlie symbolical 
language which, although implied in what has been be- 
fore said, is so important that it demands more specific 
notice. When a reaction is correctly written, all sym- 
bols of molecules stand for the same volume in tl 
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state of gas or vapor. Hence, reaction No. 1 exprt 
the fact above stated, tlut the volume of the nitrogen 
gas formed is equal to the volume of nitrous oxide 
decomposed. In other cases, where the volumes are 
not eqnal, the coefficients before the molecular symbols 
indicate what the relation is. 

But, it may bo asked, Why all this reasoning to 
establish facta which we had already assumed, and which 
the symbols represent? Simply in order to illustrate 
the methods and logic of chemistry. Our symbols, it 
must be remembered, prove nothing. Thej are merely 
concise modes o£ expressing observed facts, and, unless 
we clearly distinguish between the facts of Nature and 
the system by which they are classified, we shall attain 
to no positive knowledge. 

The last example of an analytical reaction, which 
we shall have time to examine, is furnished by a re- 
markable compound of iodine and nitrogen, called 
iodide of nitrogen. Iodine is an elementary substance, 
resembling chlorine, which is extracted from sea-weed. 
It is a very volatile solid, and gives a violet-colored va- 
por, whence its name from the Greek word ia)Si}i. When i 
heated gently vrith aqua ammonia, the iodine takes i 
from the ammonia a portion of nitrogen, and forma I 
with it a very explosive compound wliose molecule has | 
the constitution NI,. We have prepared a small quan- 
tity of tlie substance, and the black powder is now rest- 
ing on this anvU, wrapped in filtering-paper. The 
slightest friction is sufficient to determine the break- 
ing up of these very unstable molecnles, and the de- 
composition of the compound into iodine and nitro- 
gen. A mere touch with a hammer is followed by a 
loud report, when yon notice a cloud of violet vapor, 
vhich indicates that the iodine has been set free ; 
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In tliiB case, as in previone examples, the atoms, ■whf 
liberated, nnite in pairs to form molecules of nitrogei 
gas on tlic one side, and molecules of iodine-vapor on 
tlie other ; and, since a single molecule does not yield 
an even number of atoms of either kind, we donble 
the symbole, 

A striking feature of thia reaction, which yon 
not fail to have recognized, is thia: A compound 
here spontaneously resolved into elementary snbstanoea 
with development of energy ; so that iodine and nitro- 
gen, instead of attracting each other, as the elements 
of a compound ought to do, actually repel each other 
with great violence. Thia appearance of anomaly, how- 
ever, arises solely from our habit of regarding elemen- 
tary substances as the true elements of chemistry. The 
molecnles of nitrogen gas and iodine vapor are com- 
posed of mutually attracting atoms aa truly as the mole- 
cules of any compound, only they are formed by the 
union of atoms of the same kind. The atoms of nltro-, 
gen have an attraction for the atoms of iodine, or 
combination between the two would be possible, but 
their attraction for each other is far stronger, and the 
explosion is simply the effect of the greater force as- 
serting its supremacy. 

Eeviewing for a moment the analytical reactions we 
have studied, let me call your attention to the difEerence 
in the ease with which they can be obtained. To di 
compose water we employ a powerful electric cnrreol 
and the reaction involves a great expenditure of energy. 
Potaasie chlorate and ammonic nitrate decompose spon- 
taneously, but not violently, as soon as the salts are 
melted and the temperature slightly raised above the 
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melting-point, and the decompoeitioQ is attended with 
a certain development of energy, as ehown by the liber- 
ation of heat. Iodide of nitrogen violently explodes oa 
the least toncb, developing a large amoant of energy. 
Evidently, there is a marked distinction between com- 
poands like water, which require a certain amoant of 
energy to decompose them, and compounds like tho^e 
on which we have experimented in this lectare, that 
decompose spontaneously with liberation of energy. 
The first class are stable componnds, and their stability 
is measured by the power required to decompose thera. 
The last class are unstable componnds, and the power 
they manifest, when some slight cause destroys the equi- 
librium on which their existence depends, and tliey fall 
in piecra, is the measare of their instability. This, how- 
ever, introduces us to an order of phenomena which can- 
not be intelligently discussed until our knowledge of 
chemical processes has been enlarged, I must therefore 
content myself for the time being with simply pointing 
out a distinction on which I shall afterward dwell, and 
pass on to some examples of synthetical reactions. 

One of the moat striking illustrations of the direct 
union of two substances, to form a third, is furnished by 
the action of ammonia gas on hydrochloric-acid gas. 
"Witbout enterintf into any details in regard to the pro- 
oeeses by which tliese two aeriform substances are pre- 
pared, let it be sufficient to say that, in the glass flask 
on the right-band side of this apparatus (Fig. 2(!), are 
the materials for making hydrochloric acid, and in tho ■ 
mmilar flask on the left those for making ammonia. 
The exit-tubes from these flasks deliver the two gases 
into this lai'go glasa bell, where tlioy meet, and tlio . 
chemical reaction takes place. The reaction is very 
^mplc, and one in regard to which we have no doubt, 
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for the BDolecuIeg of both of the factors have bee 
weighed aud analyzed. It is expressed thus : 
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As yon see, the atoms of a molecule of anHDonia unil 
with those of a molecule of hydrochloric acid to foi 
a single moleciile of ammonie chloride, and, although 
the reaction may imply the breaking up, to a certain 
extent, of the molecides of the two factors, yet the 
subsequent synthesis is the chief feature. Ammonie 
chloride is a solid, and the sudden production, from 
two invisible gases, of the white particles of this salt, 
which fill the bell with a dense cloud, is a very strik- 
ing phenomenon. 

The second example of synthesis I have chosen is 
equally striking. Here, also, the factors of the reacti< 
are both gases. 

The lower jar (Fig, 27) contains a gas called nitrii 
oxide, like nitrous oxide, a compound of oxygen and 
nitrogen, but containing a relatively larger proportion 
of oxygen. Its molecule has the constitution NO, 
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The npper jar contains oxygen, and, on r 
thin glass which now separates the two gases, you no- 
tice an instantaneons change. A deep-red 
vapor soon fills the glass. This red prod- 
uct ia Btill another compound of nitrogen 
and oxygen, called nitric peroxide, whose 
symbol is NOa, and the reaction is simplj 
this : 

SNO + 00 = 

Nitric OiddB. H 

Here a molecule of nitric oxide tabes only 
an atom of oxygen, and, since each mole- j 
cule of oxygen gas consists of two atoms, it 
will supply the need of two molecules of NO. 
Since the two factors and the single prod- 
uct of this process are all gases, the reaction 
™f before ns ia well adapted to illustrate a, 
mdttijgflo ^^t ^° regard to our symbols, of which I 
^"" have already once before spoken. If, in 

writing reactions, care is taken that each term shall 
always represent one or more perfect molecules, so far I 
as their constitution is known — then the symbols will 
always indicate, not only the relative weights, but also 
the relative volumes of the several factors and products 
when in the state of gas. That this must be the case, 
you will see when you remember that equal volumes 
of all gases under the same conditions have the same 
number of molecules, and hence that all gas-molecules 
have the same volume. The symbol of one molecule rep- 
resents what we will call a unit volume, and the number 
of these unit volumes concerned in any reaction is the 
eame as the number of molecules. We can read the 
reaction before us thus : Two volumes of nitric-oxide 
and one volume of oxygen gas yield two volumes of 
nitric peroxide. i 
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Three Tolnmes, therefore, become two. If dus is 
the case, there mti£t be a partial Tacnam m the jar, 
and, on opening tlie Blop-cocfc, yon hear the vhistle 
which the current of air produces 3S it rushes in to es- 
tablish an eqailibrinm. 

We come now to Etill another example of a syn- 
thetical reaction, and, to illustrate this, the appamtoa 
before you has been prepared (Fig. 25). 
The metallic leaf in the upper of the two 
glass jars is made of brass, which counts 
of the two metals, zinc and copper. In 
the lower jar we have chlorine gas. The 
air has been exhausted from the upper 
jar by a pump, and, on opening the stop- 
cock, the chlorine gas will rush in from 
the lower jar to take its place. Chemical 
onion at once results, and notice the ap- 
pearance of flame, which is an indication 
that great lieat is produced by this chemical 
change. The change here is very simple. 
The atoms of chlorine unite directly with fib, ss,— Trnim 
the atoms both of zinc and of copper, TiawL 
forming two compounds, which we call 
respectively zincic chloride, and cupric chloride. One. 
reaction will serve for both metals, as the two are 
ilar, differing only in the symbols of the metals. Take- 
copper — 

Oa + Cl-Cl = OnCI). 

Copper. Chlorliie Ohm. Ciprlc Chloriile. 

In studying analytical reactions, we have already 
made a distinction between stable comjjounds like water, 
whose decomposition involves a certain expenditure of 
energy, and unstable componnda like iodide of nitrogen, 
which decompose spontanaously with manifestation of 
energy whenever the equilibrium of the molecules is 
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distnrbed. Ab ByntheBiB is the direct reverse of analjeiB, 

we Blionld naturally expect that the thermal or dynamical 
effecta would be reversed in these two opposite modes 
of chemical change ; and thnt while in the production 
of stable compounds heat or energy would be s^free, in 
the production of unstable compounds heat or energy 
wonld be consumed. Such a relation does in fact exist, 
and is in harmony with the general principles of action 
and reaction, which rule throughout Nature. But with 
aU the power at our command the synthesis of unstable 
compounds can only be secured by indirect procesBes. 
To build up these unstable structures is very much 
Hke building card houses, and imphes not only an ex- 
penditure of energy but also skill in conBtruction ; and 
it is a great triumph of our modern chemical science 
that we have been able to accomplish the synthesis of 
so many bodies of this class, I shall endeavor to show 
how this has been accomplished in a future lecture. 
"We are not, however, dealing with such caseB in this 
connection, but only with examples of direct chemical 
union. Such direct union, like the springing of an arma- 
ture to a magnet, always implies the manifestation of 
energy or the development of beat, and heat has been 
evolved in all the three synthetical reactions we iiave 
thus far studied ; but the point is so important that I 
will make another erperiment in order to illustrate this 
feature of direct synthetical reactions still further. 

In this glass I have placed a small piece of phos- 
phorus, and now I will drop upon it a few crystalB of 
iodine. Direct combination between the phosjihoma 
and iodine at once takes place, and the heat developed 
by this union is sufficient to inflame the uncombined 
phosphorus wliich I have intentionally added in excesB, 
Cat the burning of the phosphorus, although the 
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eaospknoaB feature, rnnet oot divert oor BtteotioD 
the primsiT' effeet which H ib the object of the 
ment to iUmtnte. 

There is one class of diemic&I procesBes in irbidi 
the thermal effects are bo great, bo etrilcuig, and eo im- 
portast, sfi to Babordinate all other phenomena. I re- 
fer to the common processes of comboBtion, on which 
we depend for all ow artificial light and heaL To 
these processes I shall next ask your attention, for, al- 
though they are only farther illostrations of the priiui- 
pie just etated, yet, they play sucb an important part in 
Nature, and have been so often the battle-gronnd be- 
tween rival chemical theories, that they demand our 
separate attention. I will open the subject by banung 
in the air a piece of phosphorus. 

Before this intelligent audience it is surely nnnecea- 
sary to dwell on the elementary facts connected with 
the class of phenomena of which this is the type. It 
will only be necesBary for me to call to yonr recollee- 
tion the main points, and tben to pass to the few feat- 
ures which I desire eHpecially to illustrate. In regsjed 
to the main points, no experiment could be more in- 
structive than tliis. This large glass jar is filled with 
the same fttrnospherio air in which we live. Of this 
atmospheric air one-fifth of the whole material consists 
of molecules of oxygen gas in a perfectly free and un- 
combined condition ; for, although they are mixed with 
molecules of nitrogen gas, in the proportion of four to 
one, and, although the presence of this great mass of 
inert material greatly mitigates the violence of our or- 
dinary processes of burning, it does not, in any other re- 
spect, alter the chemical relations of the oxygen gas to 
combustible substnncea. These eombnatibles are, for 
the moat part, compounds of a few elements — carbon. 
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hydrogen, Bnlphur, and phosphorus — inclnding the ele- 
jnentary substanecs themselves, and our common com- 
bustibles are almost exclusively compounds of hydrogen 
and carbon only. Their peculiar relations to the atmos- 
phere depend solely on the fact that the atoms of these 
bodice attract oxygen atoms with exceeding energy, 
and it is only necessary to excite a little molecular ac- 
tivity in order to determine chemical union between 
the two. This union is a dii-ect synthetical reaction, 
and, like all processes of that class, it is attended with 
the liberation of heat. The chief feature which dis- 
tinguiehes the processes of burning from other synthet- 
ical reactions is the cireomstance that the heat gen- 
erated during the combination is sufficient to produce 
ignition — in other words, to raise the temperature of 
the materials present to that point at which they be- 
come luminous, and the brilliant phenomena which 
thus result tend to divert the attention from the sim- 
ple chemical change, of which they are merely the out- 
ward manifestation. In the case of our ordinary com- 
bustibles, the real nature of the process is still further 
obscured by the additional circumstance that the prod- 
ucts of the burning — carbonic dioxide and aqneoua va- 
por — are invisible gases, which, by mixing with the 
atmosphere, so completely escape rude observation that 
their existence even was not suspected until abont a 
century ago, when carbonic dioxide was flrst diecovered 
by Dr. Black. Although these aeriform products necee- 
earily contain the whole material, both of the combus- 
tible and of the oxygen with which the/ombustible has 
combined, there is a seeming annihilation of the com- 
bustible, which completely deceived the earlier chein- 
ista. In the case before us, however, the product of 
the combustion is a solid, and it is this circnmstance 
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whicii mnlvOfl tho experiment so instractive. Almoet 
every nt.cp of t'he procoBs cnn be here seen. Yoa no- 
tioBil that wo liglitod tho phosphorus in order to start 
tho oomhuBtion — for this combufltible, like every other, 
must 1)0 heated to a certain definite temperature before 
it burata into flame. This temperature is usually called 
tho point of ignition, and differs greatly for different 
combuBtiblcs. While pliosphorus inflames below the 
tompomturo of boilinjf water, coal and similar combus- 
tibk'g require a full red heat. If, as our modern theory 
uetmics, increased temiieratnre merely means an m- 
ortw<?d vchtcily of molecular motion, the explanation 
of those fitcU \vrtuld seem to be that a certain intensity 
of molecular sctivity is necessary in order to bring the 
moleculoa of oxygon eufBciently near to thuse of the 
oombni'tiblo lo enable the atoms to unite, and that the 
point of i^ition ia Bimply the temperature at which 
llio rcquiailo molecular momentum is attained. But 
the procosa once started continues of itself, for it is a 
chAraptoriBtic of those substances we call combustible 
that, as soon aa a part of the body ia inflamed, the heat 
ilovohiped by the chemical union is sufficient to main- 
tniu the temperature of the adjacent mass at the igni- 
tion -point. 

Passing next to the chemical process itself, nothing 
oonld be simpler than the change which is taking place 
ia the experiment before us. It ia an example of di- 
rect synthesis. This white powder whicli you see 
falling in such abundant flakes is the solid smoke of 
this fire. It is formed by the union of the phosphorua 
and oxygen — two atoms of phosphorus uniting with 
Ave of oxygen to form a molecule of this solid, which 
wo call phoBphorio oxide, and whose symbol we may 
jvrito thus, PaOj. 
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But, neither the conditions of the burning nor the 
chemical change itself, although bo beautifully illua- 
trated here, are nearly 80 prominent facta as the mani- 
festation of light and heat, which attends the process ; 
and these brilliant phenomena wholly engrossed the 
attention of the world until comparatively recently, and 
indeed they still point out what is really the most im- 
portant circumstance connected with this class of phe- 
nomena. The union of combustible bodies with oxy- 
gen is attended with the development of an immense 
amount of energy, which takes the form of light or 
heat, 88 the case may be. Moreover, it 13 also true that 
the amount of energy thus developed depends solely 
on the amount of combustible burnt, and not at ail on 
the circumstance that the burning is rapid or slow. 
Thus, in the case before us, the amount of heat devel- 
oped by the burning of an ounce of phosphorus is a 
perfectly definite quantity, and would not be increased 
if the combustion were made vastly more intense. So 
it is with other combustibles. The table before you 
gives the amount of energy developed by the burning 
of one pound of several of the more common combus- 

Caior\fic Power from One Pound of Each Combustible. 



Hydrogen 

Marsh-gas 

Olefiant gas 

Wood-eharooal . , 

Alcohi.! 

Siilphnr 



23,513 
21.344 
14,644 
12,931 
4,0T0 



11,238,000 
B,982,890 
8,141,886 



tibles, estimated, in the first place, in our common units ' 
of heat, and, in the second place, in foot-pounds. But, 
although the amount of energy is thus constant, de- t 
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pending solely on the amount of the combustible bnmt, 
the brilliancy of the effect may differ immensely, 
striking illustration of this fact I can readily show yon. 

For this purpose I will now repeat the last experi- 
ment, with only this difference, that, instead of burning 
the phosphorus in air, I will bum the same amount aa 
before in a globe filled with pure oxygen. We shall, 
of course, expect a more violent action, because, there 
being here no nitrogen-molecules, there are five times 
as many molecules of oxygen in the same space. Hence, 
there are five times as many molecules of oxygen in con- 
tact with the phosphorus at once, and five will combine 
with the phosphorus in tho same time that one did be- 
fore. But, with this exception, all the other conditions 
of the two experiments are identical. We have the 
same combustible, and the same amount of it burnt. 
We have, therefore, the same amount of energy devel- 
oped, and yet how different tho effect ! Phosphoms 
burns brightly even in air, hut here we have vastly 
greater brilliancy, and the intensity of the light is 
blinding. 

What is the cause of the difference 1 One obviona 
explanation will occur to all : The energy in this last 
experiment has been concentrated. Although only the 
same amount of heat is produced in the two cases, yet, 
in the last, it is liberated in one fifth of the time, and 
the effect is proportionally more intense. The inten- 
sity of tho effect is shown simply in two circumstances : 
first, a higher temperature ; and, secondly, a more brill- 
iant light. Of these, the first is fully accounted for in 
the explanation just suggested ; for, if five times as 
much heat ia liberated in a given time, it must neces- 
sarily raise the temperature of surrounding bodies to a 
much higher degree. I need not go beyond your famil- 
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iar experience to establish this principle, altliongli tem- 
perature is a complex effect, depending, not only on the 
amount of heat liberated, but also on the nature of the 
material to be heated, and on conditions which deter- 
mine the rapidity with which the heat is dissipated. 
But the matter of the light is not so obvious. Why 
should more rapid burning be attended with more brill- 
iant light } It is so in the present case; but is it al- 
ways so ? We can best answer this question by a few 
experiments, which will teach us what are the condi- 
tions under which energy takes the form of light ; but 
these experiments we must reserve until the next lect- 
ure. 




THE THBOEY OF OOMBIJ8T10N. 

As our last hour closed, we were studying the pbe- J 
nomena of eombuation. I had already illustrated the ' 
fact that, so far as the chemical change was concerned, 
these proceaaea were examples of simple eyothesis, cou- 
eiating in the union of the combustible atoms with the 
oxygen atoms of the air, and that the sole circnmstance 
which distinguished these processea from other synthet- 
ical reactions was the amount of energy developed. 
There were three points to which I directed your at- 
tention in connection with thissubjeet: 1. The con- 
dition of molecular activity, measured by the tempera- 
ture or point of ignition, which the process requires. 

2. The chemical change itself, always very simple. 

3. The amount of energy developed, and the form 
of its manifestation. This last point is the phase of 
these phenomena which absorbs the attention of be- 
holders, and the one which we have chiefly to study. I 
stated in tho last lecture that the amount of energy de- 
veloped depended solely on the nature and amount of 
the combustible burnt, but I also showed that both the 
intensity and the mode of manifestation of this energy 
varied very greatly with the circumstances of the ex- 

>erimeut. The intensity of the action we traced at 
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once to tbe rapidity of the combustion, but the condi- 
tions whicb determine whether the energy developed 
ehall take the I'orm of heat or light we have still to in- 
Yestigate, and no combustible is so well adapted as 
hydrogen gas to teach us what we seek to know. 

Here, then, we have a biuTiing jet of hydrogen. It 
is not best lor me to describe, in this connection, either 
the process or the apparatus by which this elementary 
Bubstance is made, and a constant supply maintained 
at the burner, as I wish now to ask your attention ex- 
clusively to the phenomena attending the burning of 
the gas ; and let me point out to you, in the fii'st place, 
that hydrogen bums with a very well-marked flame. 
The flame is bo slightly luminous that I am alraid it 
cannot be seen at the end of the liall, but I can make 
it visible by puffing into it a little charcoal-powder. 

Now, all gases burn with a flame, and flame is sim- 
ply a mass of gas burning on its exterior surface. As 
the gas issues from the orifice of tlie burner, the cur- 
rent pushes aside the air, and a mass of gas rises from 
the jet. If" the gas is lighted — that is, raised to the 
point of ignition — this mass begins to combine with 
the oxygen atoms of the air at tlae surface of contact, 
and the size of the flame depends on the rapidity with 
which the gas is consumed as compared with the rapid- 
ity with which it is siipplicd. By regulating the sup- 
ply with a cock, as every one knows, I can enlarge or 
diminish the size at will. 

The conical form of a quiet flame results from the 
circumstance that the gas, as it rises, ia consumed, and 
thus the burning mass, which may have a considerable 
diameter near the orifice of the jet, rapidly shrinks to 
a point as it bums in ascending. 

Bat we must not spend too mach time with these 



details, lest we sliould lose eight of the chemical phi- 
loBophy, whicli it is the main object of this course to 
illustrate. The chemical change here is even more 
Eiinple than in the experiment with phosphorus, and 
consists solely in a dii-ect union of the Jijdrogen atoms 
of the gas with the oxygen atoms of the air. Indeed, 
m another connection, we studied the reaction at an 
early stage in this course of lectures ; when, in order 
to illustrate the characteristic feature of chemical combi- 
nation, we exploded a mixture of hydrogen and oxygen 
gasea. The reaction obtained under those conditiona 
was identical with that here. We had not then learned 
to express the chemical change with symbols ; but now I 
may venture to write the reaction on the lilaek-board : 
2n-H +00 = 2H,0. 

BydmgcD Qu. Oxygen Gu. Stcim. 

It would be very easy to show you that, as the sym- 
bols indicate, from two volumes of hydrogen, and one 
of oxygen, two volumes of steam are formed ; bnt the 
experiment requires a great deal of time, and the re- 
Bult eonld not readily be made visible to this audience. 
I must content myself with proving that water is really 
produced by the hydrogen flame. 

The apparatus we use looks complicated, but is, 
in fact, very simple (Fig. 29). By means of an aspira- 
tor the products of combustion are sucked through a, 
long glass tube, which is kept cool by a current of wa- 
ter io a jacket ontside. The flame bums under the 
open and flaring mouth of the tube, and the liquid, 
which condenses, drops into a bottle at the other end. 

Yon must not expect that any considerable amount 
of water can be produced in this way. In the imion 
of the two gases to liquid water, a condensation of 
1,800 times takes place, so that, in order to obtain a 



i 

i 



PHODUOT OF Btnunyo hydbogen. 



219 



F liqtiid ' 



; burn 1,200 quarts of 



I water, ' 
tydrogei 

oxygen ; aud this, on the scale of our experiment, 
would be a very slow process. We bave here obtained 
barely an ounce of liquid, although the jet has been 
burning for more than an hour. In order to show that 
the product is really water, I will apply the same test 
I used in a former experiment. We will pour the 
liquid into & shallow dish, and drop upon it a bit of 

potaseium, . . . The hydrogen - flame, which at once 

^H boTBta forth, gives the evidence wc seek. 




Such, then, being the nature of the chemical pro- 
cess before us, let me pass on to that feature of thia 
£ame which is at onco the most conepicuons and the 
most important phase of the phenomenon, namely, the 
development of energy. Here, again, we have become 
acquainted with the important facts bearing on this 
question. In a previous lecture I told you that, in the 
burning of a pomid of hydrogen, sufficient energy waa 
developed to raise a weight of 47,888,400 pounds to- 
the height of one foot, and these figures are included. 
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tanong otiior dftU of the eame tmd, in the • 
Btill liofiiro ^011. (Sec page S13.) I alao oideaToictl to 
iiiijiroM uii yimr mindH the magnitnde of tM^ enet^gj- 
Iiy sliiiwiiig tlmt, with a hjdrogea-flame, a temperstiire 
(•nil 111) uliUiiiod At which steel bams like tinder. In 
tliut i!K)Hii'iiiic<nt, however, the enei^ was intensified 
l>i II llir ifnmtor degree than in the flame we hare here; 
\\\f, iiltlioiigti tliia flame u verj hot, it is wholly toade- 
t|tint» to produce the eflecta yoa before witnessed. The 
lllloiixily wnA then gained just aa in our experiment with 
tihii»|>ln)rtm, by homing the hydrogen ia pore oxygen, 
innU'iid of air; and yon remember the apparatus, called 
llu) iTiriijioiind blow-pipe, by which tiiia result was ob- 
liiinoil. 

'I'lic tiflme of the blow-pipe emits a pale-blne light, 
Imt In HO fllightly luminona that it can hardly be seen 
nt niiy dlstiincie in this large hall, and yet, as we tnow, 
tt in liiUinKdly hot. Yon have seen how 6teel defla- 
ftriklMH b«)l'oro it, and I will now show you its effect on 
Nuvttriil other metaU (copper, zinc, silver, and lead). 
Vim notlco that t.lioy ail biim freely, and that each im- 
|iiirr<H to tlio flame a characteriatic color, and, I may add, 
III |>iiNi>i]n^, that spectrum analjBis, which has achiev^^ 
Plli'li ^roat roBtilts during the last few years, is based o 
Mii.inu chromatic phenomena. 

Hut tho exporiments yon have just seen, although 
III Iji'illiftiit and Instructive, have not yet given us much 
liiit|i toward the solution of the problem we proposed 
fo liivoitlgnto, viz., the conditions under which the en- 
tiruy iifoondiUHtion is manifeBtcd in the form of light. 
Tlioy liiivo, however, helped ub thus far: they have 
nhiiwii that the light cannot depend upon the rapidity of 
Itio niTiibllstion or tlio temperature of the fliime alone, 
t ilBl'S we liavo iutooso energy aad a very high tBm^_ 
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perature withont light. Moreover, they have presented 
UB with a phenomenon, which differs from that we wit- 
nessed at the close of the last lecture, in the very point 
we are investigating : phosphorus bnrns in oxygen 
with a most brilliant light ; hydrogen bums in oxygen 
with scarcely any light. 

Now, it is evident that the cause of the light must 
be some circumstance of the first experiment, which 
does not exist in this, and, by comparing the two to- 
gether, we may hope to reach a definite result. At first 
eight, this comparison reveals only resemblances. Both 
proceseea consist in the union of combustible material 
with oxygen. In the one ease it is the atoms of phos- 
phorus, and in the other the atoms of hydrogen, which 
combine with the atoms of the oxygen gas. Otherwise 
the chemical change is the same in both cases, and we 
cannot therefore refer the light to any difierence in the 
process. Again, in both procesBes a very large amount 
of energy is developed, but, so far as there is any diifer- 
ence, that difference is in favor of the hydrogen, which 
gives the least light. So, also, in both processes, a 
very high temperature is attained ; hut a simple calcu- 
lation wiJl show that the temperature of the Iiydrogen- 
flame is higher than that of the phosphorus-flame, and 
80 the light cannot he an effect solely of temperature. 
Can it be that the difference ia due to the circumstance 
that the combustible in one case is a solid, and in the 
other a gas S Here, at least, is a difference, which 
gives us a starting-point in our investigation. But we 
ehall not pursue the investigation far before we find 
that this difference is wholly illusory. It will appear 
that phosphoniB is a very volatile solid, and that it Ib 
wholly converted into vapor before burning ; so that, 
in fact, we are dealing in both cases with burning gaB. 
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In looking round for other diiferences we ehal 
recognize that there ia a marked difierence in the 
products of the two processes. The product in one 
case ia phosphoric oxide, and in the other ease water. 
Water is volatile, and ia evolved in the state of vapor. 
Phosphoric oxide ia a highly-fixed solid, and condensea 
in those snow-like flakes which you saw falling in the 
jar at the last lecture. May it not be that the circum- 
stance that the pi-oduct in the one caae is a solid, and 
in the other a gas, ia the cause of the difi'erence in the 
light ! In the phosphorus-flame there are solid parti- 
cles of phoephorie oxide, while in the hydrogen-flame 
there are no solid particles whatever. Can this be the 
cause of the difference ? Here, at least, is another 
starting-point for our investigation. 

An obvious mode of discovering whether there is 
any value in this suggestion is to introduce non-vola- 
tUe solid matter into the blow-pipe flame, and observe 
whether the light of the fiame ia affected thereby. The 
temperature of the flame iB so high that there are but 
few eolids which are sufficiently fixed for our experi- 
ment. One, however, which is admirably adapted for 
our purpose, ia at hand, and that is lime. In order, 
then, to answer the question that has been raised, let 
us introduce into the flame a bit of lime, or, what 
amounts to the same thing, allow the flame to play 
against a cylinder of this material. (In an instant the 
hall is most brUIiantly illuminated.) The question is 
answered, and there is no plainer answer than that 
given by a well-considered experiment. 

And here let me ask your attention to the method 
we have followed, because it illustrates, in the most 
striking manner, the method of science. When we 
wish to discover the cause of an effect observed in any 
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phenomenon, we begin by varying the conditions of 
the phenomenon until at last we find that the effect 
varies, or perhaps even disappears. That is, we try a 
Beries of experiments, varying the conditions at each 
trial, until at last we succeed in eliminating the effect. 
This having been done, we next compare the condi- 
tions under which the effect appears and those under 
which it does not. Those conditions common to both 
experiments are at once eliminated, while those which 
are different in the two are carefully considered, and 
experiments are devised to test their influence on the 
effect until at last the cause is made evident. Thus 
we sought to find the cause of the light generally pro- 
duced by combustion. We began by burning different 
combustibles until we found one which gave out little 
or no light. We next compared the burning of phos- 
phorus in oxygen, which gave a very intense light, 
with the burning of hydrogen, which gave little or 
none. We found that the only important difference 
between the two cases was the circumstance that the 
phosphorus-flame contained particles of aolid matter, 
while the hydrogen-flame contained none, and in order 
to test the effect of the difference, which the compari- 
son suggested, we placed solid matter in the hydrogen- 
flame, when the cause of the light became evident. 
This method of comparing phenomena as a means of 
diocovering the cause of effects which are prominent in 
one, although common to both, is frequently called 
differentiation, and it is one of the most valuable 
methods of science. If I have succeeded in giving 
you some idea of the method, the time we have de- 
voted to these experiments has been well spent. 

You will grant, I think, that we have now eatablished 
the following points in regard to the theory of combiiB- 
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tion : 1. That the process requires a certAio decree of 
molccnlar Activity, muasutei roughly hj what we call 
the point of ignition. 2. That the chemical change 
conaiHU Dimply la the union of the combustible with 
tho oxygon of the air. 3. That these proceseee differ 
from other examples of Bynthesia chiefly in the 
stance tluit the union of the oxygen atoms with those 
of our ordinary combu£tibles ie attended with an 
extraordinary doTelopment of energy. 4. That the 
amount of this energy is constant for the same com- 
buutiblo, and is in each case exactly proportional to 
tho amount of fuel burnt. 5. That the intensity of 
the cfl'cct depends on the rapidity of the combustion, 
the energy usually manifesting iteelf as heat, but tak- 
ing altio the form of light when non-volatile eolid psrtj* 
clefl are proaent.' 

Woi'o wo to limit our regards Bolely to the theory 
of combustion, there would be no necessity of pursu- 
ing tho subject further; but additional experiments 
may be of value by helping you to associate these 
principles with your previous experience. To this end 
I proiH>se to ask your attention to the burning of one 
of tlio most familiar combustibles, viz., carbon in the 
form of clian;oaI, and, in order to hasten the process, 
we will hum the charcoal in oxygen gas instead of air. 
Placing, then, a few lumps of charcoal, previously ignit- 
ed, in a deflagrating spoon, I will introduce them into 
this large jar of oxygen gas. ... As you see, the chai^ 
coal burns iiioro brilliantly than in air. But even in 
the pure gas the burning is by no means very rapid, 
and tho reason is obvious. jSince carbon, in all its 
' In order to give B complete view of the BubjBct, it would be neceaaarj 
to aliow l\irtlior Uiat liquids, nod crea vapora, under certun oonditiuiu, 
mn; tieooine brilliant BOurceB of ligbt 
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ipEaecoal burnt in oxygen gaSI 

I fortUB, ia non-volatile, the molecules of the charcoal 

cannot leave the solid lamps. TLey do not, therefore, 

go half-way to meet the oxygen -molecules, but simply 

receive those whiuL are driven agamst the surface of 

the coala. Ilence the process depends on the activity 

I of the oxygen-molecules alone, and, since the number 

I of these molecules which can reach the combustible in 

s given time ia limited by the extent of its surface, it 

is evident that with these lumps of coal wo cannot 

gxpect very rapid burning even in pure oxygen. If, 

[ however, our theory is correct, we should greatly in- 

[ crease the rapidity by breaking up the Imnps, and tlius 

I increasing the surface of contact with the gas. Let us 

see if the result answers our expectations. 

Taking, then, some finely -pulverized charcoal, 
already ignited (by heating the mass in an iron dish 
I over a spirit-lamp), I will sift the red-hot powder from 
I an iron spoon into another large jar filled with oxy- 
' gen. , . . Nothing we have yet seen has exceeded the 
splendor of the chemical action which now results. 
This dazzling light is radiated by the glowing particles 
of charcoal, which, after they have become incandes- 
cent, retain their solid condition until the last atom of 
carbon is consumed, giving us another illustration of 
the influence of this circumstance on the light : and 
let me again call your attention to the great fixity of 
carbon which the experiment also illustrates, and you 
will at once recognize the importance of this quality 
of the elementary substance En localizing our fires, as 
well as limiting their intensity, and will see that the 
use of coal as fuel wholly depends upon it. 

Turn next to the chemical change itself. This, ns 
in the other similar processes we have studied, is an 
example of simple synthesis, consisting in the union 



of the carbon atoms with oxygen. As to the natu 
of the product formed, a single experiment will ^ve " 
you all tho information jou desire. 

After removing tlie deflagrating spoon with the 
reeidne of the charcoal lumps from the first of the 
two jars, I will ask you to notice the fact tliat the 
atmosphere within remains as transparent as before. 
The eye can detect no evidence of change, yet all the 
charcoal that has disappeared has been taken up by 
this atmosphere, and, could we readily weigh the mass 
of gas, I could show you that the weight had been in- 
creased by the exact weight of the coal absorbed. In- 
deed, the density has been so greatly enhanced tliat I 
can pour the gas from one vessel to another very much. 
as I would water. Let me pour some of it from the 
jar into a tall glass half filled already with lime-water. 
... It looks like child's-play; but the transfer has 
been made, and now, on shaking the gas and lime- 
water together, the liquid becomes milky. 

You at once recognize the product : chalk lias been 
formed in the lime-water, and the gas left after the 
burning ceased in the jar must be the same carbonic 
dioxide we have previously studied. We made the 
analysis of this aeriform substance in a previous lect- 
ure, and we have now made the synthesis. See how 
simply we express the reaction : | 



A fact is indicated by this reaction, which we must 
not overlook. The volume of the carbonic dioxide 
(COj) obtained is exactly equal to the volume of the 
oxygen gas (OO) employed. In this experiment we 
used a jarful of oxygen and we obtained a jai-ful of 
carbonic dioxide. The material of the burnt cbarcoal_ 
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is taken tip into the gas atom by atom, actually ab- 
eorbed by it as a eponge absorbs water. Every mole- 
cule of oxygen which strikes against the charcoal flies 
off with an atom of carbon, forming with it the mole- 
cule of carbonic dioxide which, of course, occupies the 
same space as the previous molecule of oxygen gas. 
Hence it is that the vast amount of carbon which is 
being constantly absorbed by the atmosphere, as it 
passes through our grates and fumaees, does not alter 
its volume. Would that I might impress this re- 
markable fact on your imagination ! Consider how 
much coal is being burnt every day in a city like this — 
hundreds and hundreds of tons ! Conceive of what a 
mass it would make, more than filling this large hall 
from floor to ceiling, and yet in our city alone tliia 
enormous black mass is in twenty-four hours absorbed 
by the transparent air, picked up and carried away 
bodily, atom by atom, by the oxygen -molecules. 

Turn now to the energy developed in this process. 
Our diagi-am indicates that the amount of energy de- 
veloped by the burning of a pound of coal is veiy 
much less than that obtained with a pound of hydro- 
Eut then it must be remembered how attenuated 
hydrogen gas is ; if, instead of comparing equal weights, 
we compare equal volumes, we shall find that ihe difler- 
ice is vastly in favor of carbon. 
Most of the combustible materials, however, which 
we use as fuel, consist of both hydrogen and carbon ; 
but the phenomena we have studied in the biiraing of 
■the elementary substances reappear with these familiar 
combustibles, and, in regard to them, there are only a 
few special points to be noticed. On many of these 
substances, such as naphtha, parafflne, stearine, wax, oil; 
and the like, the effect of the heat is to generate illu- 
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must be remem- 
bered thftt every lamp and candle is a email ga8-fao- 
tory. Flame ie always burning gas, and the gas 
wliiob wo bum in our lamps and candles is very fiimilar 
to that supplied by the Boston Gas Company : the only 
difference is that tbe gas, instead of being made from 
bituminous coal, is made from petroleum or wax, and, 
instead of being made at the "North End" and dis- 
tributed through pipes to distant burnere, is burnt aa 
fast aa it is made. The heat generated by the burning 
gas is BO great that it volatilizes the oil or wax fast 
enough to supply tlie flame, and then the mechanism 
of the wick comes into play to keep the parte of theao 
natural gas machiuea in peifcct running order. In- 
deed, a common candle, simple as it appears to be, ia 
a most wonderful apparatus, and I should bo glad to 
occupy the whole hour in explaining the adaptation of 
its parts ; but I have only time for a few illustrations, 
which show that in these luminous flames, aa in the 
other cases of combustion we have studied, the light 
comes from incandescent solid particles. 

Of the two constituents of the combustible gas 
which i'orms the flame, hydrogen is the most combusti- 
ble, and under ordinary conditions is the first to bum, 
setting free, for a moment, the accompanying carbon in 
the form of a fine soot which fills the light-giving cone. 
This dust is at once intensely heated, and each glowing 
particle becomes a centre of radiation, thi'owing out its 
luminoua pulsations in every direction. The sparks 
last, however, but an instant, for the next moment the 
charcoal is itself consumed by the fierce oxygen, now 
dronsed to full activity, and only a transpareut gas riaea 
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from the flame. But the same process contiDues ; other 
particles succeed, which become ignited in their turn, 
and hence, although the sparkB are CTaneBceot, the light 
is continuous. 

I might illustrate this theory by the familiar fact that 
80ot is at once emitted from all these luminous flames, 
whenever the dnitt becomes so fiir interrupted that it 
does not supply sufBcient oxygen to bum completely 
the carbon particles ; but a still more striking illustration 
is furnished by the simple contrivance we employ in the 
laboratory for preventing the deposition of this soot on 
the heating surfaces of our chemical vessels, We use 
for this purpose a gas-burner invented by Prof. Bunsen, 
of Heidelberg, and known by his name, in which air is 
mixed with the hydrocarbon gas belbre it is burnt. 
But this air, while it prevents the formation of soot, 
at the Bame time destroys the illuminating power of the 
flame. The molecules ot the hydrocarbon gas being 
now in near proximity to the molecules of oxygen re- 
quired for complete combustion, the difference of af- 
finity of oxygen for the carbon and hydrogen atoms 
does not come into play. There is enough oxygen for 
.til, and the result is that no carbon-particles are set 
free in the flame. Wc have no soot, and therefore no 
light. 

In this Bunsen lamp the size of the apertures, by 
which the air enters at the base of the burner, may be 
regulated by a valve, and yon notice that on closing 
this valve the flame at once becomes luminous. Open 
it again so that the gas shall muc with air before burn- 
ing, and the energy no longer takes the form of light- 
See, nevertheless, how brightly the flam© ignites this 
coil of platinum wire, showing that there is no want 
of energy, only it now appears wholly as heat. 
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Tlie flame of fl wood or soft-coal fire is also a g 
flamu. The fli'Bt effect of heat on these hodies is 
geoerfite iUuminating gae, and to this circumstance, as 
in the case of the eandle, the flame is due, but after a 
while all the hydrogen is driven off, and we have then, 
in the glowing emhers, the flanieless comhustion of 
carbon. 

The chemical change which tabes place in the bnm- 
ing of hydrocarbon fuels is in no way ail'ected by the 
circumstance that the hydrogen and carbon are in 
chemical union. All the hydrogen-atoms hum to 
water, and all the carbon-atoms to carbonic dioxide, 
and these products can be detected in the emobe of 
every flame ; indeed, with a few unimportant excep- 
tions, they are the sole products of the combustion. 

Take, for example, this candle-flame. On holding 
over it a cold bell-glass the glass soon becomes be- 
dewed, and, before long, drops of water begin to trickle 
down the sides ; and now, on inverting the bell, and 
shaking up in it some lime-water, the milky appear- 
ance, which the clear solution immediately assumcsj 
indicates the presence of carbonic dioxide. 

Of course, all the material of the candle passes into 
these colorless and insensible aeriform products which 
mingle with the atmosphere, and this absorption of 
combustible material into the atmosphere, this melting 
of firm, solid masses of coal and wood into thin air, has 
such an appearance of annihilation that it requires all 
the power of the reason, aided by experiment, to 
rect the false impression of the senses. Yet nothing 
is easier than to show that the smoke, colorless and 
insensible as it is, weighs more than the material 
burnt, and, although the experiment inust be familiar 
to many of my audience, I will repeat it, LeeaDse it 
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may aid some to clearer views of this all-important 
subject. 

Let me call your attentioil, then, to this candle 
■which, in a candlestick of peculiar conBtrnetion, ia 
hanging equipoised from one end of the 
beam of this balance (Fig, 30). You 
linow that both aqueous vapor and car- 
bonic dioxide are eagerly absorbed by 
caustic soda, and this apparatus is so ar- 
ranged that the smoke of the candle is 
sucked through two glass tubes filled 
with this absorbent material. You no- 
tice tliat my balance is in equilibrium, 
and I will now light the candle under its 
Fio. m. tjfj chimney. The products of the com- 
bustion rise to the top of the chimney, 
which is closed excepting two small apertures, through 
which the smoke is sucked into the glass tubes contain- 
ing the caustic soda. Now you must pictore to your- 
selves the molecules of oxygen of our atmosphere rushing 
in on this candle-fiamo from every side, each one seizing 
its atom of carbon, or its four atoms of hydrogen, as the 
case may be. Yon must, then, follow the molecules of 
carbonic dioxide and water thus formed, as they are 
caught up by the current of air — which our aspirator 
draws through the apparatus — and hurried into the 
glass tubes, where they are seized upon and held fast 
by the caustic soda. All the smoke of the caudle being 
thus retained, it is evident that, if the process is as I 
have described it, we should expect that the apparatus 
would increase in weight as the candle burns, while, on 
hand, were any part of the material lost, there 
would be a corresponding diminution in weight. And 
f find that the weight increases, as the bai- 
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sncB shows, but that the increase is exactly equal to 
the amount of oxygen consumed. Not only none of 
the material of the candle escapes from the apparatus, 
but a portion of the oxygen of the air is also retained, 
and that causes the increase of weight. 

In connection with this experiment, I mnst not fail 
to call your attention to the circumstance that the prod- 
ucts of this combustion are as harmless as they are im- 
perceptible to the senses. Eemember that thonsauda 
of tons of carbonic dioxide and aqueous vapor are dis- 
charged into the air of this city in a single day. Remem- 
ber, also, what a howl of remonstrance goes up if, from 
some manufactory, a few pounds of similar but noisome 
products escape, and you cannot fail to recognize the 
importance of this fact in the economy of Nature. 
Add to this what you already know, that the smoke of 
our flres and the exhalations of our lungs is the food 
of the plant — ^that the whole vegetable world is con- 
stantly absorbing carbonic dioxide, and giving back the 
oxygen to the atmosphere while storing up the regen- 
erated carbon in its tissues, and you will be still further 
impressed by the wonderful revelations we are study- 
ing. 

Nor must we, in this connection, fail to notice again 
the enormous amount of energy which the burnmg of 
our common forms of fiiel liberates. The table is still 
before you which shows how great is the amount of 
energy which can be obtained by the burning of a sin- 
gle pound either of hydrogen gas or of charcoal, and 
the relations of thsse elementary substancea in this re- 
spect are not in the least altered by their association in 
common wood or coal. In round numbers, it may be 
said that a cubic foot of cannel coal contains sufficient 
ener^, if wholly utilized, to raise a weight of 3,269 
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tons one hundred feet, or 732,000,000 poutids one foot. 
I said, if wholly utilized, for, although we are able to 
make use of the whole energy in the form of heat, we 
have not yet eucceeded in applying more than about 
one-twentieth of it to mechanical work. But still the 
energy exists Btored up for use in every foot of wood or 
coal, and is ready to be set free when the fuel 16 burnt. 
"When standing before a grand con6agration, wit- 
neEEing the display of mighty energies there in action, 
and seeing the elements rushing into combination with 
a force which no human energy can withstand, does it 
eeem as if any power could undo that work of deetnio- 
tion, and rebuUd those beams and rafters wliich are 
melting into air i Yet, in a few years thay will be re- 
built. This mighty force will be overcome ; not, how- 
ever, as we might expect, amid the convulsions of Is'a- 
tore or the clashing of the elements, bat eilenlly io a 
delicate leaf waving in the sunshine. Ab I have al- 
ready explained, the eon's rays are Ihc Ithuriel waod, 
which exerts the mighty power, and under the direction 
of that unerring Architect, whom ail tme science reo 
ognizes, the woody structare will Ije rebuilt, and fredi 
energy stored away to be naed or wasted in lome future 



4 



My friends, this is no theory, but cober, wcll-e*tA)>. 
lished fact. How the energy comL-a and how it it «t"red 
away, we attempt to explam by our tticorics. Let these 
pass. They may be true, they may be mere &ndc» ; 
bat, that the energy comes, that it is stored away, and 
that it does reappear, are as much facts m any plie- 
nomena which the sun's raye illuminate. 1 know of no 
facts in the wliole realm of Nature more wonderful 
than these, and I return to them in the annual ronnd 
of my instruction with increasing wonder and admin' 
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tion, amazed at the apparent inefEeieney of the meai 
anil the BtupendouB magnitude of the result. In an- 
other course of lectures in this place I endeavored to 
show what weighty evidence tliese facts give in support 
of the argument that all the details have been arranged 
by an intelligent Designer,' The plan of this course 
does not give me time to do more than allude to this 
point, and I only refer to it here to ask for the arga- 
ment your own careful consideration. 

There is still another point, in connection with thi 
subject, to which also I can only barely allude. The 
crust of our globe consists almost wholly of burnt ma- 
terial. Our granite, sandstone, and iiraestone rocks, 
are the cinders of the great primeval fire, and the at- 
mosphere of oxygen the residue left after the general 
conflagration — left because there was nothing more to 
burn. Whatever of combustible material, wood, coal, 
or metal, now exists on the surface of the earth, has 
been recovered from the wreck of the first conflagration 
by the action of the sun's rays. One-half of all known 
material consists of oxygen, and, on the surface of the 
globe, combination with oxygen is the only state of 
rest. In the process of vegetable growth, the sim'a 
rays have the power of freeing from this combination 
hydrogen and carbon atoms, and from these are formed 
the numberless substances of wbiuh both the vegetable 
and animal organisms consist. From the material of 
these organisms we make charcoal, and Nature makes 
her coal-beds, and supplies her petroleum-wells. More- 
over, with these same materials, man has been able to 
separate the nseful metals from their ores, and, by the aid 

' " Keli^oa and Chenjistry ; or, Proofa of God'e Plan in the Atm 

' pbere and its Elements," ten lectures bj Joaiab P. Cooke, pablisbed t 

Oharlea Soribnw. New Turk, IBBO. 
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' of variouB ehemical processes, to isolate the other ele- 
mentary substances from their native compounds ; but 
the efficiency of all these processes depends on em- 
ploying the energy which the snn's rays impart to the 
carbon and hydrogen atoms to do work. A careful 
analysis of the conditions will show that it is just as 
truly the enn's energy -which parts the iron from its 
combination in the ore, as it ia solar power which parts 
the carbon from the carbonic dioxide in the leaf. "We 
have here, however, but a single example of a general 
truth. All terrestrial energy comes from the sun, and 
every manifestation of power on the earth can be 
traced directly back to bis energizing and life-giving 
rays. The force with which oxygen tends to unite with 
the other elements may be regarded as a spring, which 
the snn's rays have the power to bend. In bending 
this spring they do a certain amount of work, and, 
when, in the process of combustion, the spring flies 
back, the energy reappears. Moreover, the instability 
of all organized forms is but a phase of the same action, 
and the various processes of decay, with the accompa- 
nying phenomenon of death, are simply the recoiling 
of the same bent spring. Amid all these varied phe- 
nomena, the one element which reappears in all, and 
frequently wholly engrosses our attention, is energy; 
and, if I have succeeded in fixing your attention on this 

I point, my great object in this lecture has been gained. 

( In the early part of this course, I stated that ail modem 
chemistry rests on the great truth that Mattek is inde- 
sTRccrmLE, AND 18 MEASURED BY WEIGHT. This evening 
we have seen glimpses of another great centra! truth, 
which, although more recently discovered, is not less 
far-reaching or important, namely. Energy is inde- 
BTBucnsLE, ASD IB uuASDBED BY woBs. Add to these 
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two a third, namely — Intelligence is mDESTRucriBLE, 
AND IS MEASURED Bf ADAPTATION — and you havG, as it 
seems to me, the three great manifestations of Na- 
ture : Matter, Energy, and Intelligence. These great 
truths explain and supplement each other. Give to 
each its due weight in your philosophy, and you will 
avoid the extremes of idealism on the one side, and of 
materialism on the other. 
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Thebe is one further point in connection with the 
theory of combustion to which I wish to call your at- 
tention, at thB ontset of my lecture this evening. In 
the only cases of bnmiDg we have studied, the combus- 
tible unites with the oxygen of the atmosphere. It is 
possible, however, to have combustion without atmos- 
pheric air, the combustible obtaining the reqaired 
oxygen from some associated snbstance. There are 
several substances in which a large amount of oxygen 
is BO loosely combined, or, in other words, in which the 
oxyaen-atoms are held in combination by such a fee- 
ble force, that they will furnish oxygen to the combus- 
tible as readily as the atmosphere, and in a vastly more 
concentrated form. Two of these Eubstances are well 
known, nitre (potaasic nitrate) and chlorate of potash 
(potaaaic chlorate). One ounce of this last salt — the 
quantity in this small crucible — contauia enongh oxygen 
to fill a large jar {1.7 gallon), and by simply heating 
the salt we should obtain that amount of oxygen gas. 
We have provided also one-tliird of an ounce of pul- 
verized sugar, and we will now mis the two powders 
thoroughly together, Con&ider the condition 



mlxtnre : The Bugar is a combustible substance, an^E 
every particle of this combustible is in contact with, or,' 
I should rather say, in close proximity to, grains of 
chlorate of potassa, wbieb contain sufficient oxygen to 
burn the whole. All is now quiescent, because both 
materials, being in the solid condition, their molecules 
are, as it were, imprisoned, and a certain degree of mo- 
lecular activity is required to produce chemical change. 
This molecular activity we can readily excite by heat, 
but a more convenient, although lesa intelligible way, 
is to touch the mixture with a drop of sulphuric acid. 

Here we have not merely a pretty firework, but an 
experiment which illustrates a very important phase of 
the phenomena of combustion, and one of immense 
practical value. I havo chosen this particular example 
because you are familiar with both of the materials 
employed. You have seen that sugar contains a large 
amount of combustible carbon. Ton also know that 
potassic chlorate contains a large volume of oxygen, 
which can readily be driven off by beat ; for you have 
seen me make oxygen from this very salt. You can, 
therefore, fiilly appreciate the conditions we had in our 
crucible at the beginning of the experiment, namely, a 
combustible with the oxygen required to burn it in ^se 
proximity. You will be prepared, then, to understand — 
1. That the bumingwehavejust witnessed does not dif- 
fer from ordinary burning, except in the single point I 
have mentioned ; that the combustible derives its oxygen 
from potassic chlorate, instead of from the air ; and, 2. 
that it is possible to inclose in a confined space, as a 
gun-barrel or a bomb, all the conditions of combustion. 
In a word this experiment illustrates the simple theorrl 
of gunpowder, 

Wiat, then, is gunpowder ! Essentially a 






if two substanceB — saltpetre and charcoal, with merely 
a Email amount of sulphur added to facilitate the kin- 
dling of the charcoal. In the manufacture of this 
explosive agent, as is well known, the materials are 
first reduced to a very fine powder, and then inti- 
mately mixed together. Afterward, by great preaaure, 
the mass is compacted to a firm, hard cake, which is 
eubeequently broken up into grains of difi'cront sizes, 
adapted to various uBes. Here we have some samples 
of these grains, varying from the size of a walnut to 
that of a millet-seed. These black grains, although 
ley appear so homogeneous, are, in fact, a very inti- 
late mixture of a combustible material (eharcoul and 
a little sulphur) with a substance rich in oxygen (salt- 
petre), and, when we ignite the powder, the charcoal 
burns at the expense of the oxygen of the saltpetre. 
Two parallel experiments will make the whole matter 
clear. 

In this jar we have about one gallon (100 grains) 
of pure oxygen, enough to combine with 37-J grains of 
charcoal. This quantity of charcoal we will place in a 
copper spoon, and, having ignited the coal, we will 
plunge it into the jar of oxygen. We have at once a 
brilliant combustion, and a repetition of the experi- 
ment which you witnessed at the last lecture. We 
then learned that the process consiets in the union of 
the oxygen with the carbon, and that each molecule of 
oxygen gas actually picks up an atom of carbon to form 
a molecule of carbonic dioxide. There arc, therefore, 
just as many molecules in the jar at the close of the ex- 
periment as at the first, only they now consist of 
three atoms, instead of two ; O^O has become 0=C=0. 

In the second jar ia a cup containing a small quan- 
titj of gimpowder, and so arranged tliat the powder 
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can be exploded by a voltaic battery. Ab tlie oxygen- 
atoma required for the burning are lying in tlie cup 
aide by side with the charcoal, we do not need the air 
in our experiment. Accordingly, we have connected 
the jar with an air-pump, so that we can exhaust the 
air. , . , The gauge of tlie pump now indicates that 
the greater part of the aii- has been removed. Notice 
further that, when we readmit a little air, the mercury 
column falls, and thus, as you see, this gauge will tell 
us when any gaa enters the jar. . . . Having again 
completed the exhaustion, let us fire the powder. . . . 
The powder has disappeared ; but the gauge indicates 
that a large volume of gas baa been formed, 

A simple test will now show that the aeriform prod- 
ucts in the two last experiments are identical. Here are 
tw"0 glasses, each filled with lime-water. To one we will 
add some of the gas from the first jar, pouring it in 
upon the Hme-watcr, and to the other we will add 
some of the gas fi'om the gunpowder, by pouring as 
before. On shaking the gas and liquid together, we 
obtain in botb cases the familiar milky turbidnesa 
which indicates the presence of carbonic dioxide. It ia 
true that the carbonic dioxide from the gunpowder is 
not quite so pure as that found in the other jar, but 
this is an unessential matter. 

Having seen that gunpowder, burnt in a vacuum, 
is quietly resolved into gas, we will next take an equal 
amount of powder and inclose it in a pasteboard case, 
which we call a cartridge, using the same arrangement 
for firing the powder as before. We make the connec- 
tion, and off it goes I . . . There can be no occasion, 
I think, to seek far for the cause of the explosion. The 
chemical process must have been identical with that in 
our jar ; but, while in the jar there was room for all the 
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[ gaB-moleculea formed in the bummg, the small volume 
of the cartridge could not hold them, and they buret out, 
tearing away the paper walla in their 0011166. The gas 
evolved would occupy, at the ordinary presauro of the 
air, about three hundred times the volume of the pow- 
der used, and, if confined in the space previously filled 
with the powder, would exert a pressure equal to about 
300 X 14 = 4,200 lbs., or two tons, on a square-inch. The 
preeaure obtained ia really far greater than thia, on ac- 
count of the heat developed by the combustion. More- 
over, as the powder burns rapidly, thia preaaure ia aud- 
denly applied, and has all the effect of an immensely 
heavy blow, which no strength of materials is aufficient 
to withstand. Of course, any chamber in which the 
powder is confined gives way at the weakest point. 
In the chamber of a gun the ball usually yields before 
the breech, and is hurled with violence from the month 
of the piece ; but fearful accidents not unfreqnentlj 
occur when, for any reason, the ball has been too tightly 
wedged, op when the metal of the breech is too weak. 

You all know that a large amount of gas condensed 
into a small chamber must exert great pressure, and 
therefore you will undoubtedly regard the explanation 
I have given of the force exerted by gunpowder as 
Batisfactory and sufficient. But, although this is the 
usual way of presenting the phenomena, I am anxi- 
ous that yon should view them in the light of our 
modem molecular theory, which gives to the imagi- 
nation a far more vivid picture of the manner iu which 
the power acts. 

Begin with the black grains as they lie in the cham- 
ber of the gun behind the ball. Ton must remember 
that all the ingredients of the powder nre in a solid 
condition, and picture to your imagination the mole- 
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culea as held in their places by those forces which I 
attempted to make evident to you in a former lecture, 

incapable of any motion except a slight oscillation 
about the centres of force. The gun is now fired, and 
the powder bums. "We need consider bnt two of the 
immediate consequences : first, there is a large volume 
of gas formed ; and, secondly, there is a very great 
amount of energy developed. Picture to yourselves, 
now, an immense number of gas-molecules suddenly 
set free in the chamber of the gun, and animated with 
all the velocity which gi-eat energy is capable of im- 
parting. See these molecules rushing against the ball 
vrith their whole might, and, when at last it starts, im- 
parting to the projectile their moving power, until it 
acquires the fearful velocity with which it rushes from 
the mouth of the gun. The molecules impart their 
motion to the baU, just as one billiard-ball imparts mo- 
tion to another. The effect is due to the accumulation 
of small impulses ; for, although the power imparted 
by a single molecule may be as nothing, the accumu- 
lated effect of millions on millionB of these impulses 



Within a few years onr community have become 
familiar with the name and terrible effects of a new ex- 
plosive agent, called nitro-glycerine, and I feel sure that 
you will be glad to he made acquainted with the re- 
markable qualities and relations of this truly wonderful 
substance. Every one knows that clear, oily, and sweet- 
tasting liquid called glycerine, and probably most of 
you have eaten it for honey. But it has a great many 
valuable uses, which may reconcile yon to its abuse for 
adulter.iting honey, and it is obtained in large quanti- 
ties as a secondary product of the manufacture of soap 
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and candles from our cominon fate, Now, nitro-glycer- 
. ine bears the same relation to glycerine that Baltpetre 
bears to caustic potash. Common saltpetre, which is 
the oxygenated ingredient of gunpowder, is called in 
chemistry potassie nitrate, and, although the com- 
mercial supply comes wholly &om natural sources, 
it can easily be made by the action of nitric acid on 
caustic potash. My assistant will pour some nitric acid 
into a solution of caustic potash, and yon will soon ses 
crystals of saltpetre appear, shooting out from the sides 
of the dish, whose image we have projected on the 
screen. In a similar way we can prepare nitro-glyce- 
rine by pouring glycerine in a fine stream into very 
strong nitric acid, rendered more active by being mixed 
with sulphuric acid — oil of vitriol. 

We could easily mate the experiment, but yon could 
see nothing. There is no apparent change, and it is a 
remarkable fact that, when pore, nitro-glycerine re- 
sembles, externally, very closely glycerine itself, and, 
like it, is a colorless, oily fluid — the reddish-yellow color 
of the commercial article being due to impurities. As 
soon as the chemical change is ended, the uitro-glycer- 
ine must be very carefully washed with water, until all 
adhering acid has been removed. The material thus 
obtained has most singular qualities, and not the least 
unexpected of these is its stability under ordinai-y con- 
ditions. After the terrible accidents that have hap- 
pened, it would, perhaps, be rash to say that it did not 
readily explode ; but I can assure you that it is not an 
easy matter to explode pure nitro-glycerine. It is not 
nearly so explosive as gunpowder, and I am told that 
tlie flame of an ordinary match can be quenched in it 
without danger, although I confess that I should be un- 
willing to try the experiment. Still, there can Le uo 
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doubt that, under ordinary circcmstanees, a small fiamS 
will not ignite it. My knowledge of the matter is d&-™ 
rived from Professor Hill, late of the Torpedo Station 
at Newport, who has studied very earofnlly the prepara- 
tion and application of the materia!. He is of opinion 
that moat of the accidents which have given to nitro- 
glycerine such an onfortunate notoriety have been 
caused by the use of an impure article, and that proper 
care in its preparation would greatly lessen the danger 
attending its use, Nitro-glyceiine is usually exploded, 
not by the direct application of heat, but by a sudden 
and violent concussion, which is obtained by firing in 
contact with it a fuse of some fulminating powder. 
The efEeets of this explosion are as peculiar as the 
method by which it is obtained, and I can best illustrate 
the subject by describing an experiment with nitro- 
glycerine which I witnessed myself at the Torpedo 
Station a few years since. 

It is 80 inconvenient to handle liquid nitroglycerine 
that it is now usual to mix it with some inert and im- 
palpable powder, and the names dualine and dynamite 
have been given to different mixturea of this kind ; hut 
in both of these the powder merely acts as a sponge. 
In the experiment referred to, a canister holding less 
than a pound of dynamite, and only a few onuces of 
nitro-glycerine, was placed on the top of a large bowl- 
der-rock, weighing two or three tons. In order that 
you may fully appreciate tlie conditions, I repeat that 
this tin case was simply laid on the top of the bowlder, 
and not confined in any way. The nitro-glycerine was 
then exploded by an appropriate fuse fired from a dis- 
tance by electricity. The report was not louder than 
from a heavy gim, but the roct on which the canister 
lay was broken into a thousand fragments. 
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^H This experiment BtriMngly iUustr^tes the peculiar 
action of nitro ■ glycerine. In using gunpowder for 
blasting it is necessary to confine it, by what is called 
tamping, in the hole prepared for it in the rock. Not 
BO with nitro-glycerine. This, though it may be put 
np in small tin cartridges for convenience, is placed in 
the drill-holes without tamping of any kind. Some- 
times the liquid itself has been poured into the hole, 
and then a little water poured on the top is the only 
means used to confine it. As an agent for blasting, 
nitro-glycerine is so vastly superior to gunpowder that 
it must be regarded as one of the most valuable dis- 
coveries of our age. Already it is enabling men to 
open tracks for tlieir iron roads through mountain- 
barriers which, a few years ago, it would have been 
thought impracticable to pierce, and, although its intro- 
duction has been attended with such terrible aceidenta, 
those best acquainted with the material believe that, 
with proper care in its manufacture, and proper precau- 
tions in its use, it can be made as safe as or even safer 
than gunpowder, and the Government can do no bet- 
ter service toward developing the resoim;ea of the coun- 
try than by encouraging such investigations as have 
been made at the Torpedo Station at Newport, until all 

• the conditions required for the safe manufacture and 
use of this valuable agent are known, and, when this 
result is reached, imposing on the manufacturers, deal- 
ers, and carriers, such restrictions as the public safety 
requires. Of course, we cannot expect, thus, to prevent 
ail accidents. Great power in the hands of ignorant 

I or careless men implies great danger. Sleepless vigi- 
lance is the condition under which we wield all the 
7— 
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expect that the power of nitro-glycerine will be any ex- 
ception to the general rule.' 

But, while nitro-glycerine has Bueh great rending 
power, it lias no value whatever as a projectile agent. 
Exploded in the chamber of a gun, it would burst the 
breech before it started the ball. Indeed, there is a 
great popular misappreheuBion in regard to the limit 
of the projectile power of gunpowder, and inventors 
are constantly looking for more powerful projectile 
agents as the means of obtaining increased effects. 
But a study of the mechanical conditions of projec- 
tion will show not only that gimpowder is most admi- 
rably adapted to this use, but also that its capabilities 
far exceed the strength of any known material, and the 
student will soon be convinced that what is wanted is 
not stronger powder, but stronger guns. I do not 
mean to say that we cannot conceive of a better pow- 
der than that now in use, but merely that its short- 
coming is not want of strength. 

Having described the properties of nitro-glycerine, 
the question at once arises, " Can these singular proper- 
ties be explained ! " In order to answer this question 
I shall next ask your attention to the theory of its ac- 
tion, and I thinlt you will find that our modem chem- 
istry is able to give a very intelh'gible account of the 
phenomena we have described. I will begin by saying 
that the chemical action in the explosion of nitro-gly- 
cerine is very similar to that in the burning of gun- 
powder. In both cases we have the same two results : 
1. The production of a large volume of gas; 2. The 
' The recent improvemeiilB in the mannriicture of guo-colton, and tho 
diacovery that, even when too wet to burn, it can be exploded by con- 
cussion if the fuse is BufBcicntly powerful, promise to furnisb an eiplo- 
Bive agent Dearly equal to nitro-Bljoerine in strength, and free from all 
— enlinBr; riaks. _ 
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liberation of a large amount of energy wliich gives to 
the confined gas-molcculoe an immense moving power, 
ilorcover, essentially the same aeriform products are 
formed in the two cases, and in both the process con- 
sists, for the most part, in the union of carbon and 
hydrogen atoms with oxygen. But, while in the gun- 
powder the carbon and oxygen atoms are in different 
molecules, although lying side by side in the same 
grains, in the nitroglycerine they are in different parts 
of the same molecule. And here comes our first 
glimpse of the most recondite chemical principle the 
science has yet attained, one which I have been aiming 
to reach throughout this whole course of lectures, and 
one which it will be my object in the three following 
lectures clearly to set before you. I can, as yet, only 
state the principle as a theorem to be proved ; but, if I 
can succeed in making this difficult subject dear, I feel 
confident that you will regard the proof as satisfactory. 
The principle is this : 
^L Every molecule has a definite structure. It not 

^H only consists of a definite kind and a definite number 
^r of atoms, but these atoms are arranged or grouped 
together in a definite order, and it is the great object 
of modem chemistry to discover what that grouping 
is. Almost all the great chemists of the world are, at 
^L this moment, engaged in investigating this very prob- 
^H lem, and, what is more, they have succeeded, in many 
H^ cases, in solving it, and we have reached as much cer- 
tainty in regard to the grouping of the atoms in the 
molecules of a very large number of substances, as we 
^^ have in regai^d to any phenomena so wholly snper-sen- 
^^ Bible. For example, we feel well assured that we know 
^H bow the atoms are grouped in the molecule of nitro- 
^H glycerine, and the diagram before yon represents in 

^ X 
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H-O-O-N-0 O H H H 

h-o-o-n;^ N-o-b-0-0 

H-O-O-N-0 O 



our rude way the result we have reached. The let- 
tere signify single atomB, and the lines between the 
letters merely show how the atoms are severally 
united. Begin with the three atoms of carbon, which 
are united together, say, by a certain force, which the 
lines denote. To these are directly united five atomf 
of hydrogen, and then to each of the carbon-atoms 
also botind the atomic group — O-N^q, the four atoi 
of the group having a definite arrangement among 
themselves. There is no virtue in the mere form of 
the arrangement of the letters on the di.igram. It is 
perfectly possible that the atoms may be arranged so 
as to foiTO regular geometi^ieal figures, such as some 
theorists have amused themselves in constructing ; but 
we do not pretend to have any accurate knowledge on 
this point. All we afBrm is, that the atoms are united, 
one with another, in the order I have indicated, and 
the second diagram, in which the several atoms are 
united aa before, although the form of the arrangement 
is different, means, to the chemist, precisely the same 
thing as the first. 

Now, as I said, I present to yon this diagram of the 
constitution of a molecule of nitro-glycerine simply as 
a theorem to be proved. As it hangs before you, I 
have no doubt that it will shake your faith in the credi- 
bility of the scientific investigatorB who bring forward 
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tliia as the sober coneluBion at which they have ar- 
rived. Indeed, when I first saw these attempts to 
represent the gronping of atoms, they appeared to me 
to be the vagaries of a diseased scientific imagination ; 
for, remember, this molecule, whose structnre is here 
portrayed, cannot be larger than the tt.uA.tdt ^f an 
inch. Bat, as the evidence pressed upon me, I re- 
luctantly examined it. Finding that it could not be 
gainsaid, I was forced to accept the conclusion, and soon 
I found myself busy at the same work. Ivow, I only 
ask you to accept this diagram as a theorem to be 
proved, and, assuming it for the time to represent, 
although very rudely, a real truth, see how fully it ex- 
plains the properties of nitro-glycerine. Indeed, the 
facts already before us furnish the strongest evidence 
possible of the general truth of the principle I have 
asked jou to assume ; for, if you accupt the principles I 
have previously endeavored to establish, and once ad- 
mit that there are such things as molecules and atoms, 
the properties of iiitro-glycerine will force you to admit 
that its molecules have a definite structure. See how 
the case stands. 

Nitro-glycerine has been analyzed, and, unless the 
principles of our modern chemistry are all wrong, its 
molecules have the composition indicated by the sym- 
bol CiHjNsO.. Note that there are already in the mole- 
cule nine atoms of oxygen, more than enough to satisfy 
all the atoms, both of carbon and of hydi-ogen. When 
carbon burns, Cj only takes Ob, H, only Ojj, and why is 
not the affinity of these atoms for oxygen satisfied al- 
ready i The only answer that can be suggested is, be- 
cause the oxygen-atoms, although parts of the same 
molecule, are not in combination with the carbon or 
hydrogen atoms in those molecules ; and what is this 
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but *n admission that the molecules have a 
structure by which these atoms are kept apart ^ 

In the nest place, admitting that the structure ia 
that represented above, you sec how the atome are 
kept apart. Three of the oxygen -atoms form the 
linlfs, as it were, between the carbon and nitrogen 
atoms, and the rest of the oxygen- atoms are united 
with the nitrogen -atoms, and not with those of either 
carbon or hydrogen. Now, when the substance ex- 
plodes, what takes place is simply this : The oxygen- 
atoms at one end of the molecule rush for the atoms 
of carbon and hydrogen at the other end, and the 
molecule is broken up, as our next diagram indicates; 
only, as there are not enough atoms to foi-m even mola '~ 
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= 0=0 
= = 



cules, we must consider that one atom of hydrog< 
and one of nitrogen are borrowed from the fragments 
of a neighboring molecule, broken up at the same 
time. You see, therefore, that the chemical action is 
very nearly the same as in the burning of gunpowder, 
the difference being that, while in the powder tlie car- 
bon and oxygen atoms belong to different molecules, 
in nitro-glycerine they belong to the same molecule. 
In both cases the carbon bums, but in the nitro-glycer- 
ino the combustion Is within the molecule. This diffeci 
ence, however, which the theory indicates, ia one < 
great importance, and shows itself in the effects of f 
explosion. 
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In gnnpowder tlie grains of charcoal and nitre, 
althoagh very smal], have a sensible magnitude, and 
coneist eacb of many tbonsand if not of many million 
moleculeB. The chemical union of the oxygen of the 
nitre with the carbon-atoms of the charcoal can take 
place only on the surface of charcoal -grains; the first 
layer of molecules must be consumed before the second 
can be reached, and eo on. Hence the process, although 
very rapid, must take a sensible time. In the nitro- 
glycerine, on the other hand, the two sets of atoms, so 
far from being in different grains, are in one and the 
same molecule, and the internal combustion is essen- 
tially instantaneous. Now, this element of time will 
explain a great part of the difference in the efl'ect of 
the two exploaiona, bnt a part is also due to the fact 
that nitro-glycerine yields fully nine hundred times ita 
volume of gas, while with gunpowder the volume ia 
only about three hundred times that of the solid grains. 
There is a further difference in favor of the nitro-gly- 
cerine in the amount of energy liberated, but this we 
will leave out of account, although it is worthy of 
notice that energy may be developed by internal mo- 
lecular combustion as well as in the ordinary processes 
of burning. 

The conditions, then, are these : With gunpowder 
we have a volume of gaa, which would normally occupy 
a space three hundred times as great as the grains 
nsed, liberated rapidly, but still in a perceptible inter- 
val. With nitro-glycerine a volume of gaa, nine hun- 
dred times that of the liquid nsed, ia set free, all but 
instantaneously. Now, in order to appreciate the 
difference of effect which would follow this diflerence 
of condition, you must remember that all our experi- 
loentB are made in air, and that this air presses with an 



enormons weiglit on every surface. If a volnme ^ 
gaB is saddenly liberated, it muet lift this whole weigH 
which, therefore, acts as so much tamping material. 
This weight, moreover, cannot be lifted without the 
expenditure of a large amount of work. Let us make 
a rough estimate of the amount in the caee of nitro- 
glycerine. We will aesume that in the experiment at 
Newport tho quantity exploded yielded a cubic yard 
of gas. Had the air given way, iuBtead of the rock, 
tho liberation of this volume of gas must have lifted 
the prossiufl on one square yard (about nine tons) 
one yard high, an amount of work which, using these 
large units, wo will call nine yard-tons or about 60,000 
foot-pouuda. Moreover, this work must have be^ 
done during tho excessively brief duration of the espW 
sion, and, it being less work to eplit the rock, it y 
tho rock that jaclded, and not the atmosphere. Coi^ 
jiare, now, the case of gunpowder. The same weight d 
I>owdor would yield only about one-third of the voluirf 
of gas, and would, therefore, raise the same weight i 
only one-third of the height ; doing, therefore, but o 
third of the amount of work, say 20,000 foot-pound! 
Moreover, the duration of the explosion being at les 
one hundred times longer than before, the work to t 
done in lifting the atmosphere during the i 
ceedingly short interval would be only -^ of 20,001 
foot-pounda, or 200 foot-pounds, and, under thes 
cumstances, you can conceive that it might be easid 
to lift the air than to break the rock. 

U there are some who have not followed me throng 
this simple calculation, they may, perhaps, be able 
reach clear views upon the subject by looking at 1 
phenomena in a somewhat different way. It can reac 
ly be seen that the sudden development of this 1 
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P*rolTiine of gas, whicli tecomes at once a part of ths at- 
InoEphere, would be equivalent to a blow by the atmos- 
phere against the rock ; or, what would be a more ac- 
curate representation of the phenomenon, since the air 
ia the larger masB, and acts as the anvil, a blow by the 
rock against tJie air. It may seem very singular that 
our atmosphere can act as an anvil, against which a 
roek can be split, and yet it is so, and, il' the blow has 
velocity enough, the atmosphere presents as effective a 
resistance as would a granite ledge. The following 
consideration will, I think, convince you that this is 
the case : I have here a light wooden surface, say, one 
yard square ; the pressure of the air against the surface 
is equal, as I just stated, to about nine tons ; but the 
air presses equally on both sides, and the molecules 
have such great mobility that, when we move the sur- 
face slowly, they readily give way, and we encounter 
but little resistance. If, however, we push it rapidly 
forward, the resistance greatly increases, for the air- 
tnolecules must have time to change their position, and 
we encounter them in their passage. If, now, we in- 
crease the velocity of the motion to the highest speed 
ever attained by a locomotive — say, one and one-fifth 
mile per minute— we should encounter still more par- 
ticles, and find a resistance which no human muscle 
could overcome. Increase that velocity ten times, to 
twelve miles a minnte, the velocity of aotmd, and the 
air would oppose such a resistance that our wooden 
board would he shivered into splinters. Multiply again 
the velocity ten times, and not even a plate of boiler- 
iron could withstand the reeislance. Multiply the ve- 
locity once more by ten, and we should reach the ve- 
locity of the earth in its orbit, about l,2li0 miles a 
minute, and, to a body moving with this velocity, the 



comparatively dense air at tlie Burfaco of the earth 
would preseiit an almost impenetrable barrier, against 
■which the firmest rocks might be broken to fragments. 
Indeed, this 63*601 bns been several times seen, when 
meteoric masses, moving with these planetary velocities, 
penetrate our atmosphere. The explosions which have 
been witnessed are simply the effect of the concassion 
against the aeriform anvil at a point where the atmos- 
phere is far less dense than it is here. So, in the case 
of the nitro-glycerine, the rock strikes the atmosphere 
with such a velocity that it has the effect of a sohd mass, 
and the rock is shivered by the tlow. 

In concluding my illustrations of the theory of com- 
bustion, a few words in regard to its history will not 
be out of place. We owe this theory to the great 
French chemist Lavoisier, who was murdered by the 
French communiats during the reign of terror which 
accompanied the first French Kevolution. The theory 
came almost perfect from his hands, and caused a revo- 
lution in the science of chemistry. Some would even 
date the beginning of scientific chemistry at this epoch. 

It is true that chemistry, as a science of exact jttOM^ 
iitative relations, begins with the introduction of the 
balance into the science, and that Lavoisier was one of 
the first to recognize the importance of this instrument 
for investigating chemical problems. But, from the 
beginning of the seventeenth century, chemistry as a 
science of qualitative relations was actively studied at 
all the great centres of learning in Europe, and was 
illustrated by some of the most learned men of the age. 
For over a century previous to the time of Lavoisier, 
who died in 179i, the doctrines of the science centred 
around a theory of combustion which is known in his- 
tory as the phlogiston theoiy. This theory was first ad- 



ranced in 1682 by Eecher, a German chemifit tlien liv- 
*ing in England, and was worked out into a complete 
system some years later by Stahl. According to tbis tbe- 
ory, the principle of fire is everywhere difEueed through- 
ont Nature, but enters into the composition of different 
bodiee to a very nnecfual extent. Combustible sub- 
stances are bodies very rich in phlogiston, and bnming 
consists in the escape of phlogiston into the atmosphere. 
I have already referred to this theory, and shown that 
it was in variance with the great principle of the law 
of gravitation, that quantity of matter is proportional 
to weight. Still, as I said before, this principle of 
Newton made its way into chemistry very slowly, and 
the theoty of Stahl was in complete accordance with 
the philosophy of Aristotle, which at the time held 
an entire supremacy over the intellectual world. And 
was the theory wholly false! I beheve not; and I am 
persuaded that every theory, which gains amoog think- 
ing men such universal acceptance as did this theory 
of Stahl, has its element of truth. The men of the 
Beventeenth century were not less acute thinkers than 
ourselves, and we must be careful not to judge of their 
I Ideas from our stand-point. Tho authors of tlie theory 
Kjiever attached to phlogiston the idea of weight which 
Pipe necesfiai'ily associate with all matter. It was to 
them a principle, an undefined essence, and not matter 
in tho sense we understand it. Vague aud indefinite 
idea, no doubt, like many of the metaphysical ideas of 
the time, but not absurd. And that it was not absurd 
a single consideration will show. Translate the word 
phlogiston energy, and in Stahl's work on chemistry 
and physics, of 1731, put energy where he wrote phlo- 
giston, and you will find there the germs of our great 
modem doctrine of conservation of energy — one of 
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tlie nobleet products of hnman thought. It waa not 
a mere fanciful speculation which ruled the Bcientifio 
thought of Europe for a century and a half. It was a 
really grand generalization ; but the generalization was 
given to the world clothed in such a material garb that 
it has required two centurieB to unwrap the truth. 
Still, the sparkle of the gem was there, and men fol- 
lowed it until it led them into a clearer day. It is a 
great error to suppose that the theory of Lavoisier su- 
perseded that of Stahl. It merely added to it. Stahl 
clearly saw that the chief characteristic of burning was 
the development of energy, and, although he called 
energy phlogiston, and did not comprehend its real 
esaencG, he recognized that it was a fundamental prin- 
ciple of Nature. He did not understand the chemical 
change which takes place in the process, and this La- 
voisier diecorered. But both Lavoisier and his follow- 
ers, to a great extent, ignored the more important phe- 
nomenon in magnifying the less, and it is only within 
a few years that the tme relations of the two have been 
understood. All honor to these great pioneers of sci- 
ence, and let their experience teach us that, in science 
as in religion, we see as through a glass darkly, and that 
we must not attach too much importance to the forms 
of thought which, lite all things human, are subject to 
limitations and liable to change. 



LECTURE Xlt 



rrATHESia and QUAKTIVALENCE — ALKALIEa J 



In classifying reactions we distinguiBhed besides 
analjsiB and eynthesia a third type of chemical changes 
which we called metathesis, and I will begio my lecture 
by exhibiting several experiments which illostrate pro- 
cesses of this kind. This white solid is familiar to the 
druggists under the name of sugar of lead. It is made 
from metallic lead and acetic acid, the acid principle of 
vinegar, and is called by the chemists acetate of lead. 
It is a crystalline salt, very soluble in water, and this 
clear solution has been prepared for our experiment. 
In tlie solution I now hang a strip of thick sheet-zinc. 
As, however, the process we have started requires sev- 
eral days, I have placed at the side of the jar holding the 
eolntion of acetate of lead a similar jar originally filled 
with the same solution, and in which a similar strip of 
zinc was placed soon after our last lecture ; and notice 
that suspended from the strip are festoons of brilliant 
metallic spangles. These consist of pure metallic lead, 
md if, after the process is ended, we pour off the still 
^ear solution which has undergone meanwhile no ap- 
rent change, we shall £nd, on evaporation, that it 
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containB no longer acetate of lead, bat another white 

salt, eqaallj well known as acetate of zinc, 

This bea,utiful experiment, known to the alchemists, 
and called by them " arbor Satnmi " (lead-tree), is as 
striking an example of metathesis as I can show yon. 
Metathesis, as you remember, consists in an interchange 
of elements between two sabstances without otherwise 
altering their struetare, and here there has been a simple 
interchange between the two metallic elements, lead and 
zinc. 

For a second experiment we have prepared a solu- 
tion of a well-known blue salt called blue vitriol, or buI- 
phate of copper, and in the solution we will hang a strip 
of 8heet>-iron. This reaction, Uke the other, being a slow 
procesa, we were provident enough to start the same 
experiment in another jar in time to show you the re- 
sult. As yon see, large spongiform masses of metallic 
copper are snspended to what remains of the strip of 
iron, still more of the copper sponge has fallen to the 
bottom of the jar, and the blue color has wholly disap- 
peared from the solution. If, now, we pour oS the so- 
lution and evaporate it, we shall obtain green erystala 
of sulphate of iron, the green vitriol of commerce. 
Here, therefore, there has been an interchange between 
copper and iron. Let us now write these reactions with 
symbols : 

flS.a 206.9 

(1.) (Pb C, H. O, + Aq.) + Zn = (Zn 0. H. O. + Aq.) + Pb 

66 S3. 3 

(2.) (On SO, + Aq.) + Fo = (Fe SO, + Aq.) + On 

These formulse not only show that the general order 
of the two processes is that described above, but they 
also indicate that in the replacements which have taken 
place delinit£ proportions by weight have he 
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' Berved. The symbols, as you remember, etand for tlie 
relative weights of the atoms or molecules represented, 
and the equations express the fact that in the first re- 
action 65.2 parts of zinc took the place of 206.9 parts 
of lead, and that in the second reaction 56 parts of iron 
took the place of 63.3 parts of copper. Now as is trui; 
here so, io general, metatheflia consists in the interchange 
of atoms, or gronps of atoms, between two molecules, 
and implies that the structure of these molecules is nut 
otherwise altered. Such an interchange, of course, in- 
volves the breaking up of one set of molecules and the 
regrouping of the atoms to form another set, and from 
this general point of view all reactions are essentially 
alike ; but the cases are so very common of chemical 
processes in which one atom, or a group of atoms, is 
eimply substituted for another, without otherwise alter- 
ing the Btracture of t!ie molecules concerned, that it 
is convenient to study these reactions by themselves. 
Moreover, they have served to elucidate in a most won- 

_ dei-ful way the manner in which the atoms and tlie 

I molecules are grouped together. Before, however, I 
attempt to directly illustrate this point, let me usk your 
attention to a few other examples of metathetical re- 
actions in an order which wiU help to gradually open 
up the problem of molecular structure. 

I have here a perfectly colorless solution of a well- 
known compound of silver called nitrate of silver, or 
lunar caustic. In this solution I place a strip of metal- 
lic copper, and at the side is a jar in which the same 
experiment has gone on to completion. Notice that 
the eolation has acquired a decided blue color, which, 
to every one who knows that this is the characteristic 
color of the salts of copper, is of itself a proof that this 

.metal must have been taken up from the copper strip. 
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Meanwliile s great abondance of metallic silver 
separated, and if we collect and weigh the silver, sm 
estimate by the loss the amoant of metallic copper dia- 
dolved, we shall 6ad that the relation of these weights 
is that of 21t) to 63,3 ; in other words, two atoms of sil- 
ver (weighing each lOS m.c.) have been replaced by 
one atom of copper (weighing 63.3 m.c). The reae- 
tion is expressed by symbols, thus — 



= Cu 



NO, 



+ Agh 



iO- I 



aud the point to be noticed is that an atom of copper has 
taken the place of two atoms of silver, and, in bo doing, 
has bound into one two previously distinct molecules, so 
that the number of raoleculea of nitrate of copper formed 
ia only one half as great as the number of the original 
molecules of nitrate of silver. Here we begin to see 
evidence of molecular etructnre, for we have obviously 
built cp a more complex molecule from two simpler 
ones. 

In the three metathetical reactions we have thus far 
studied, one of the factors has always been a metallic 
element. We will next pass on to similar reactions, in 
which both of the factors are compound bodies. These 
two " precipitating glasses " both contain a solution in 
water of nitrate of silver, the same substance which we 
used iu the last experiment. To the first we will now add 
11 solution of common salt — chloride of sodium — and to 
the Bt^cond a similar solution of a less familiar but 
equally definite substance called chloride of barium. 
In both we have a similar result, what we call a precipi- 
tate, and the white powder which forms in clouds and 
f nils to the bottom (" is preai/pitated ") is in each case 
chloride of silver. The reactions may be represented 
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1 the following way, and the quantitative relationB are 
I exactly those which the aymbole represent : 

(1.) (Ag NO. + Na CI + Aq) = (Na NO. + Aq) + Ag CL 

(=■> (aInC; + ^" c^' + ^0=(^"No: + ^q) + a ^S 01- 

Metathetical reactions like these between substances 
in solution in water, in which one of the products being 
insoluble is precipitated, might be multiplied almost 
indefinitely, and play a very important part in the pro- 
ceeseB of chemical analysis. The two we have chosen 
as illustrations were selected, in the first place, on ac- 
count of their simplicity, and, in the second place, be- 
cause they make prominent a point to which I have 
already referred, and which I wish still farther to press 
upon yonr notice. 

It will be seen that, while one atom of sodinm (Na) 
leplaces one atom of silver (Ag), one atom of barium 
(Ea) replaces two atoms of silver (Ag,). Hence, while in 
a certain sense the atom of sodium may be said to be the 
equivalent of one atom of silver, the atom of barium is 
the equivalent of two atoms of silver ; and there are 
also elementary substances whose atoms are the eqnivar 
lents of three atoms of silver, others whose atoms are 
the equivalents of four atoms of silver, and others 
whose atoms are the equivalents of five and even of 
six atoms of silver. Tliia relation of the chemical atoms 
is what we call their qnantivalence, and we distinguish 
atoms as univalent, bivalent, trivalent, quadrivalent, 
quinquivalent, or sexivalent, according as they replace, 
and in that sense are the equivalents of one, two, three, 
four, five, or six atoms of silver. 

It need hardly be added that any otlier univalent 
atom like the atom of hydrogen or the atom of aodiom 
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might be taken as our standard of comparison, as well 
as the atom of silver, and that the quantivalence of an 
atom may be measured not only by univalent atom^ 
but also equally well by atoms of higher qnantivalenoe. 
Thus a sexivalent atom will replace two trivalent or 
three bivalent atoms, as well as six of the unit valae. 

It would not be difficult to find metathetical reactions 
which illustrate the higher degrees of quantivalence; 
but such reactions are far less simple than those we 
have shown, and to the beginner in the study of chem- 
istry the point to be illustrated is in most cases obscured 
by ci>nfu8ing circumstances. For this reason, having 
Hoon the simplest illustrations of a diflEerence of replac- 
ing j>owor, we shall understand this important doctrine 
of (pmntivnlonco better if we now approach the subject 
fiHMU A dilToix»nt direction. 

Tho qurtntivnlonce of an atom is shown not only by 
itrt ortjmolty of ^^»plrtc^ng other atoms, but also by its 
powor of utUtltt^ with other atoms, by what has been 
rnllod its ufoni tKinf? |Hnvor. 
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Tho diagriim on tho curtain before us illustrates the 
truth wo havo to pronont. Tho story, indeed, is here 
told in our ohoinlo«l h{oi>>g^vphios, but let us try to de- 
cipher thoni. In nft^oklng our work, let us not fail to 
remember tliat those symbols really exhibit die con- 
stitution of tho molecules of the definite substances 
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they represent. The eymbol H3O, for example, shows 
that a molecule of water conaiBta of two atoms of 
hydrogen and one of oxygen. Remember that this 
aymbol is not the expression of a mere hypothesis, 
but represents the results of actual experiment. In 
a former lecture we have dwelt at length on the evi- 
dence on which it is based. We cannot continually 
retrace onr steps ; but be sure that you recall this evi- 
dence, 80 that we may plant the ladder, on which we 
shall attempt to climb higher, on firm ground. Kow, 
what ia true of the symbol of water, is true of all the 
symbols on this diagi-am. There is not one of them 
in regard to which there is a shade of doubt. Our 
atoms may be mere fancies, I admit, but, like the mag- 
nitudes we call waves of light, the magnitudes we have 
measured and called atoms must be magnitudes of 
Bomething, however greatly our conceptions in regard 
I to that something may change. Our wliole atomic 
' theory may pass, the words molecule and atom may be 
forgotten ; but it will never cease to be tme that the 
magnitude which we now call a molecule of water con- 
sists of two of the magnitudea which, in the year 1884, 
were called atoms of hydrogen, and of one of the mag- 
nitudes which were called, at the same period, atoms 
of oxygen. 

Look, now, at the Jirst line of symbols, and see in 
what a remarkable rel.ition the atoms there repre- 
sented stand to each other. In a molecule of hydro- 
chloric-acid gaa (HCl), one atom of chlorine is united to 
I one atom of hydrogen. In the molecule of water (HaO) 
one atom of oxygen is united to two of hydrogen. In 
the molecule of ammonia gas (NBg) one atom of nitro- 
gen is united to three atoms of hydrogen, and in the 
molecule of marsh gas (CH4) the atom of carbon is 
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tmited to four atoms of hjdrogra). It vottld 
then, that the atonic of dilorine, oxygen, oitrc^ea, 
carbon, have different powers of combination, nniting 
respeetivelj with one, two, three, and fonr atoms of 
hjdrogen. In order to sasore yourselves that this rela- 
tion is not an illasion, depending on the collocation of 
selected eymbols, bat reenlts from a definite quality of 
the several atoms, examine the symbols of the 6econd 
line, and yon will see that, in a similar way, the atoms 
of sodium (Na), mercnry (Hg>, antimony (Sb), carbon (C), 
and phosphorus (P), unite respectively with one, two, 
three, four, and five atoms of chlorine. Moreover, on 
comparing the two lines, notice that the atom of chlo- 
rine, which combines with one atom of hydrogen, com- 
bines also with one atom of sodium. Again notice 
that the atom of carbon, which combines with four 
atoms of hydrogen, combines also with four atoms of 
chlorine. Further, observe on the third line that the 
atom of mercury, which combines with two atoms of 
chlorine, combines with only one of oxygen ; and that 
the atom of carbon, which combines with either four 
atoms of chlorine or four atoms of hydrogen, combines 
with two atoms of oxygen ; and compare with these 
facts those first noticed, that the atom of oxygen com- 
bines with two atoms of hydrogen, and the atom of 
chlorine with hut one. 

Relations so far-reaching and bo intricate as these 
cannot be accidental ; and when you are told that the 
examples here given have been selected, on account of 
their simplicity, from a counlless number of instances 
in which similar relations have been observed, yon will 
not be satisfied until you find some explanation of the 
cause of these facts. 

The explanation which our modem chemistry giv«v 
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thia : It is aBBnmed that eacTi of the elementary atoms 
has a certain definite number of bonds, and that by these 
alone it can be united to other atoms. If you wish to 
ciothe this abstract idea in a material conception, picture 
these bonds as so many hoofcs, or, what is probably nearer 
the truth, regard them as poles like those of a magnet. 
If we have grasped this idea, let us turn back to onr dia- 
gram and we shall find that the relations wo had but 
dimly seen have become clear and intelligible. The 
hydrogen, eodiumand chlorine atoms have only one bond 
or pole, and hence, in combining with each other, they 
can only unite in pairs. The oxygen-atom has two 
Tsonda or poles, and can combine, therefore, with two 
hydrogen-atoms, one at each pole. The mercury-atom 
has also two bonds, and takes, in a similar manner, two 
atoms of chlorine ; but it can only combine with a sin- 
gle atom of oxygen, for the two poles of one just satisfy 
the two poles of the other. Again, the atom of car- 
bon has four bonds, which may be satisfied by either 
four atoms of hydrogen, or four atoms of chlorine, or 
two atoms of oxygen, or one atom of oxygen and two 
of chlorine, or, lastly, one atom of oxygen and two of 
hydrogen. Further, the atom of phosphorus baa five 
bonds, and holds five atoms of chlorine, or three atoms 
of chlorine and one of oxygen. Finally, the chromium 
atom binds six atoms of fluorine, or three of oxygen, or 
two of -oxygen and two of chlorine. This quality of the 
atoms, which we endeavor to represent to our minds by 
the conception of hooks, bonds, or poles, is precisely 
the same quality which determines ite power of replace- 
ment, and we use the terms univalent, bivalent, trivalent, 
quadrivalent, quinquivalent, sexivalent, etc., to designate 
tiie atoms which have one, two, three, four, five, six, 
etc, hooka, bonds, or poles, respectively. 
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H- -O- -N- -0- 

I 

d- -S- -P- -Si- 

I 

F- -Oa- -Sb- -Sn- 

K- _Mg- -Ab- -Ti- 

Na- -Hg- -B- -Pt- 

I 

I I 

Ag- -Zn- -Au- -Zr- 

In the above diagram we have classified a few only 
of the more important elementary atoms according to 
their qnantivalence, and the diagram also shows how, 
by a slight addition to our symbolical notation, we can 
indicate the number of bonds in each case. In writing 
symbols of molecules, a dash between two letters indi- 
cates the union of two bonds, and one bond or pole on 
each atom is then said to be closed. Two dashes indi- 
cate that two bonds on each atom are closed — ^and so 
with a larger number. The next diagram is in part 
a repetition of that on page 262, with the exception 

that the bonds are indicated. 

H H 



I H-H H-O-H H-N-H H-O-H 

j 01 01 

' H-OI 01-Hg-Cl Cl-Sb-Cl 01-0-01 

01 
Hg=0 Cl-N-0 = = O 

You notice that this idea of qnantivalence suggests, 
or, rather, as I should say, implies the idea that the 
molecules have a definite structure. Thus in the mole- 
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.]e CHi we conceive that tlie carbon-atom iB united at 
■four distinct points witii tbo four hydrogen-atoms. 
There is not an indiscriminate grouping of the five 
atoms, but a definite arrangement with the carbon- 
atom at the centre of the Bystem. 80, also, in CCIj, 
which has the same structure as CH4, determined, as 
before, by the quadrivalence of the nucleus. Passing 
next to CO3 we find an equally definite structure, the 
four bonds of the same nucleus being satisfied by two 
livalent atoms of oxygen ; and intermediate in struct- 
■ore, between the two molecules last mentioned, we have 
the molecule of phosgene gas, COCla, and the molecule 
of formic aldehyde, COHj. 

The symbols of these molecules indicate an obvious 
limitation to this idea of structure, which must not bo 
overlooked, and which cannot too early be called to 
your notice. All that we, as yet, feel justified in infer- 
ring from the phenomena we have described, are simply 
the facts that in the molecule CClj, for example, the 
four chlorine-atoms are united to the carbon-nucleua 
by four different bonds, and that in the molecule CO3 
the two oxygen-atoms are united to the same nucleus, 
each by two bonds. Further than this we assert noth- 
ing. It may hereafter appear that the different bonds 
of the carbon-atom have difi'erent valaes ; or, perhaps, 
have a fixed position, and that there »re distiuctions of 
right and left, top and bottom, or the like ; but, until we 
are acquainted witli phenomena which require aasump- 
tions of tliis sort, we may group our symbols around the 
nucleus of the molecule as we find most convenient, 
provided only we satisfy the condition of quanti valence. 
[Thus it is unimportant whether we write 



CI 
Cl-Hg-01, or ng(g; OI-C-CI, or 0-6 



QUANTrVALENCE AND METATIIE3iS 

The qnantivalence of the atoms, moreover, is by no 
means an invariable quality ; but this cirenmstanee 
does not in the least obscure the general principle we 
have been diBciissiug : because, in the firet place, any 
change in the quantivaleuce of an atom is accompanied 
with a change in all its chemical relations ; and, in the 
second place, the change is circumscribed by definite 
limits, which are easily defined. This point will be 
best illustrated by a few examples. 

Wlien in a previous lecture, as an example of a 
synthetical process, we united ammonia gas with bydro- 
cbloric acid, there was a change in tho qiiantivalence 
of the nitrogen-atom, from three to five, as will be seen 
on comparing the symbol of the fii'st factor with the 
Bole product of the reaction : 



H 

H-N 



H 



AnuDonlA OaO- 



Now, from ammonia gas can be derived a large claaA 
of compounds, in all of which nitrogen is trivalent; and, 
in like manner, from ammonie chloride can be derived 
another class of compounds, in which nitrogen is qniu- 
quivalent ; but, although they all contain the same atom 
as a nucleus, the two classes differ from each otlier as 
widely as if they were composed of different elements. 
A similar fact ia true of phosphorus, which forms two 
well-marked chlorides: 



01-P 

01 



Ol' 



)P-01 

01 



One of the most striking instances of the 
of quantivalence is to be foimd in the atom 



I 

a of ^^H 



-Mn-F 



-Mn-Mn-P 



-Mn-F 



^ncse. Tliis elementary substanne forms no less than 
four compounds with fluorine, whose molecnleB have 
probably the conBtitution represented by the Bymbols 
given below ; 

IL In tbe first, the manganeee-atom is bivalent ; in the 
tecond and third it is quadrivalent; aud in the last, 
Bexivalent. The third molecule, it will be noticed, 
contains two quadrivalent atoms of manganese, united 
by a single bond, and the two together form a complex 
nucleus, which is sexivalent. Here, as in the previous 
examples, it is true that there is a distinct class of com- 
pounds corresponding to each of the four conditions of 
the nucleus, and that the difference between the chem- 
ical relations of the bivalent and those of the sexiva- 
lent atom of Dianganese is almost as great as that be- 
tween the atom of zinc and the atom of sulphur. 

The compounds of iron furnish a more familiar ex- 
ample of the effect produced by a variation of quantiva- 
lence, than either of those which have been adduced. 
There are two classes of these compounds, which are 
distinguished in chemistry as the ferrous and the fer- 
ric compounds. The first class consists of molecules, 
of which the nucleus is a bivalent atom of iron, while 
the molecules of the second class are grouped around a 
nucleus, consisting of two quadrivalent atoms united as 
explained above. Thus the symbols of ferrous and 
TIC chloride are : 



qoAwnviixsai akd 



a-Fe-Cl, and Fe,Cl. 



Now, I hare before me four glasses, which contain 
solntions in water of 



and I will add to eaeh glass a portion of a solution of 
a yellow salt, wLicti is well known in commerce, under 
the name of yellow prussiate of potash, and in chemis- 
try as potasaic ferrocyanide. Notice, in the first place, 
what a different effect the reagent prodaees on the last 
two solutions. From the solution of cupric chloride, 
we obtain a red precipitate, and, from the Bolation 
of nickel chloride, a white precipitate. Next, we will 
add the same reagent to the solutions of the two com- 
pounds of iron, and, as you see, the difference of effect 
produced is even greater than before. Moreover, if, 
going behind the outward manifestations, yon study 
the constitution of the products formed, you will find 
that the variations of color correspond to more funda- 
mental differences in the case of the two conditions 
of iron than in that of the two separate elements, cop- 
per and nickel. The result, then, at which we arrive, 
is this, that, although a fixed quantivalence is not an 
invariable of quality of every atom, it is at least an in- 
variable quality of each condition of every given atom, 
and that, in every marked class of compounds of any 
elementary substance, the atoms of that element always 
have the same quantivalence. 

Lastly, as to the limits to which this variation of 
quantivalence may extend. There are several of the 
chemical elements, and these among the most impor- 
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tent and most widely distributed, wlioee qiiantivalence 
ttppears to be invariable. This is especially true of 
hydrogen, it is likewise true of the alkaline metals, lith- 
ium, sodium, potasaium, caasium, and rubidium, and it 
is also true of silver, all elements whose atoms are univa- 
lent. It is further true of the trivalent element boron. 
Again, oxygen is always bivalent, and so are also the 
metallic radicals of the alkaline earths, calcium, barium, 
strontium, and magnesium, and so are, moreover, the 
well-known metallic elements, lead, zinc, and cadmium. 
Lastly, aluminum, titanium, silicon, and carbon, are al- 
ways quadrivalent, although, in the single instance of the 
molecule, CO, the carbon-atom appears to be bivalent. 
But, in addition to the fact that the variations in 
qnantivalencc are confined to a limited number of the 
elementary atoms, these variations appear to follow a 
remarkahle law, which is thought to point to an ex- 
planation of their cause. Ah is shown in this diagram, 
successive degrees of quantivalence in gold and 
LOsphoruB follow the order of the odd number : 
AaOl AuOIi 

pa, poi. 

while those of manganese follow the order of the even 
nmnbera : 

MnF, MnFi MnF, 

Now, what is true of these atoms is, in general, true 
[of the atoms of all those elements which have several 
of quantivalence: at each successive step the 
[qnanti valence increases by two bonds, and never by a 
tingle bond. The explanation of the fact is thought to 
be that the bonds of any atom, when not in use to hold 
other atoms, are satisfied by each other, and that, so far 
AS these unused bonds are concerned, the atom is in 




ftseoDtfapoIe. 
it h mmnaed tfakt, in htA of the two eomponnds of at- 
boa md oxj^oi, die eazboa mUHn is qoadrivalent, &e 
oaij difierenee betng tint, vliile id CO, all fbnr bondi 
are employed to bdd tbe two ataaa of oxygen, in CO 
only two are so aaed, the oUier two neutralizing cAch 
other tliBs: 

OOO cGO. 

Of eonise, tbeo, if the unTieed hoods are in all cue! 
neotnliied in Ihie waj, it most be that the qumtiTik 
lenoe of an atom will &R off from the highest decree 
of wliich it it BOBoqitible, br two bonds at each st^; 
fio that, if the highest degree ia odd, all most be odd, 
and, if the highest is even, all most be even, as to the 
illnstratioiis given aborei Atoms with odd de^itees of 
qaantivalence have been called perissadfi, and those with 
even degrees have been called artiads, and the claEEifi- 
cation appears to be a fiindamentat one ; bnt there are 
important exceptions to the general principle, whidi 
have never vet been reconciled with the theory. 

The doctrine of qnantivalence, wliich we have en- 
deavored to illustrate in this lecture, is one of the dis- 
tinctive features in which the new chemistry differs 
from the old, and the recognition of the fact that a defi- 
nite quantlvalence is an inherent quality of each ele- 
mentary atom was one of the chief causes of the revo- 
lution in the science which has recently taken place. 
In the old chemiBtry, the question of how the element- 
ary substances were united in a compound was hardly 
raised, much less answered; but now the manner in 
which the atomB are grouped together in the molecule 
has become an all-iinportant question. Every mole- 
cule is a unit in which all the atoms are joined to- 
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gether by their several bonds, and it becomes an object 
of investigation to determine the exact manner in which 
the moleculflr structure is built up. Moreover, it ap- 
pears that the qualities and chemical relations of a com- 
pound are detenuined fully as much by the structure 
of its molecules as by the natare of the atoms of ■which 
the molecules consist. For example, it was formerly 
supposed that the qualities of an alkali or an acid were 
eimply the characteristics of the compounds of certain 
elements with oxygen, but it now appears that they are 
the result of a definite molecular structure, and are 
only slightly modified by the chapacteristics of the in- 
dividual atoms which may chance to be the nucleus of 
the molecule. 

"We are thus fairly brought face to face with the 
question of molecular structure that is to occupy our 
attention during the remainder of this course of iect- 
nres. In regard to this question, there are a few pre- 
liminary points which need barely be mentioned, as 
they can easily be apprehended, and require, therefore, 
no extended illustration. It isevident that with univa- 
lent atoms solely wo can only form molecules con- 
sisting of two atoms, like Na-CI, or H-Br. When we 
introduce bivalent atoms the structure becomes more 
complex— ae in II-O-H or K-O-Cl. With several biva- 
lent atoms we -can form molecules in which the atoms 
seem to be strung together in a chain, sometimes of 
great extent, as — 

-Oa-O-n, or n-0-Pl)-0-Pb^O-Pb-0-F. 

le Ilydnle. Triplonibic Hydratd, 

And, with atoms of higher quanti valence, wo obtain 
"Toupa of very great complexity, of which tlio multiva- 
mt atom ' is the nucleus, and serves to bind together 

' The atom with n high degree of innmiTiilence. 
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the parts of the molecule. The molecnle of calcic snl- 
phate, for example, is supposed to have the complex con- 

O >0 

Ca S 

O ^O 

stitution which our symbol indicates, and it will be seen 
that it is the sexivalent atom of solphnr, which is the 
naclens of the group, and holds the atoms together. So, 
also, in the still more complex molecnle of alum, the 
double atom of aluminum is the nucleus of the group, 

O O 

s 
o o b o 

K-O-S-O-Al-Al-O-S-O-K 

3 II ! 

o o o o 

s 

o o 

Potusie-AIiiminie Sulphate (AhimX 

and unites the several parts, while the four sexivalent 
atoms of sulphur are the centres of subordinate groups 
connected with this nucleus. Notice that all the atoms 
are united by their respective bonds, and that to each 
set is assigned a definite quantivalence, and you can 
hardly fail to appreciate the important fundamental 
principles of our modem chemistry, which I have been 
endeavoring to illustrate. They may be summed up in 
the following terms : 

The mtegrity of every complex molecule depends <m 
the multivaience of one or more of its atom^^ amd no 
such mx>lecvle cam exist imless its parts are hound to- 
gether by these atomic clamps. 

Such symbols as those just given, by which we at- 
tempt to indicate the relations of the parts of a mole- 
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jailed graphic or Bometimes rational symbols, 
and are to be distinguished from those we have hitherto 
used, which, as they represent simply the results of ex- 
periment, are known as empirical symbols. Of course, 
these graphic symbols are the expressions of our theo- 
retical conceptions, and must survive or perish with the 
theory that gave them birth. But, absurd as these con- 
ceptions certainly would be if we supposed them realized 
in the concrete forms which our diagrams embody, yet, 
when regarded as aids to the attainment of general 
truths, which in their essence are still incomprehensi- 
ble, these crude and mechanical ideals have the greatest 
value, and become very important aids to the study of 
chemical science. 

The molecular stmetiire of bodies is inferred chiefly 
from the reactions of which they are susceptible, or by 
which they are formed, and I now propose to ask yon 
to study with me a number of chemical processes which 
I have selected with a view of illustrating the structure 
of a few of the more important classes of chemical 
compounds. The processes best adapted for our pur- 
pose, and therefore selected, aro chiefly examples of 
metathesis, and incidentally we shall become acquainted 
with a still larger number of this class of chemical re- 
actions, and from general considerations it can easily be 
Been in what way metathetical reactions exhibit the 
structure of molecules. 

Metathesis consists, as we have seen, in the inter- 
change of atoms between two molecules, and implies 
that the preexisting relations of the atoms in the mole- 
cules are not otherwise altered. If, then, by clamping 
together two simpler molecules by means of a multiva- 
lent atom (as in the reaction on page 260), we bind them 
into a more complet whole, it is evident that we can in- 
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fer the Btmctare of the whole from that of the parts, 
and in this way reason up from the simplest to the most 
complex compomids. 

In a similar way, by snbstitnting univalent for mul- 
tivalent atoms, we can often reverse this constmctive 
process, and infer the structure of a molecnle from the 
manner in which it breaks up. In a word, vre know 
how the building is constructed, because we either built 
it or tore it down. 

In this connection the first reaction which I shall 
bring to your notice is that of metallic sodium on water, 
with the view of exhibiting the structure of two very 
important and characteristic classes of compounds long 
known in the arts as well as in science, under the names 
of alkalies and acids. 

The efiect of pure sodium on water is so violent that 
we find it convenient to moderate thie action by amalga- 
mating the metal with mercury, which, without in the 
least degree altering the relations of the sodium to the 
water, reduces the rapidity of the chemical process. We 
will, now, pass under this glass bell, which is filled with 
water, and standing on the shelf of the pneumatic trough, 
a bit of this sodium amalgam. You notice a rapid evo- 
lution of gas, which soon nearly fills the bell. ]Let us 
examine this gas. On bringing the open mouth of the 
bell near a candle-flame, the gas takes fire and bums 
with the familiar appearance of hydrogen, and this is 
sufficient to assure you that the product with which we 
are here dealing is hydrogen gas. But what is the other 
product of the reaction ? To discover this, we will next 
place another lump, this time of the pure metal, on an 
open pan of water. The sodium being lighter than the 
water, floats on the surface, and the action is now very 
violent, hydrogen gas is evolved as before, a high tem- 
perature is developed, and the metal melts. If we bring 
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R lighted matcli near the swimming globule, the escap- 
ing hydrogen makes its presence erideat by tatdog fire 
and burning, althongli with a peculiar yellow Q^rae, 
which owes its color to the presence of a trace of 
sodium vapor. Any volatile compound of sodinm 
introduced into a non-luminona gas-flame producoa the 
same eifect. But where is the other product we are 
Beeting ? Evidently we most loot for it in the water, 
on which the sodium has been acting. Hare the quali- 
ties of the liquid changed ? This question can be an- 
swered by a simple test. Here we have some strips of 
paper, which are colored with certain well-known vege- 
table dyes. The yellow strips are colored with tnr- 
merie, and the red with litmus. On dipping these 
strips in a jar of pure water, notice that the color is not 
in the least degree modified ; but mark that, when the 
yellow strip is drawn through the water on which the 
sodium has been acting, the color becomes at once bright 
I red ; while, on the other hand, the atrip colored red by 
k litmus becomes blue. Evidently it is some product of 
E the reaction dissolved in the water which produces these 
I changes, and this conclusion will be confirmed on tast- 
f ing the water, which has acquired a sharp, biting taste, 
and attacks the skin, producing, when robbed between 
the fingers, a peculiar unctuous feeling, effects which 
every one will recognize as those of a caustic alkali. If, 
now, we evaporate the water, we shall obtain a small 
quantity of an amorphous, white solid, similar to that 
which is contained in this bottle, and which is only a 
purer form of the caustic soda of commerce used in 
I Buch great quantities for making soap. 
1 As we are able to discover no other results of this 
wroceflg ^ the two substances you have seen, yon 

BDfty the only products of the reaction of 

Bodii ' hydrogen gas and caustic soda. 
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Next, AS to the Latere of the process^ and boir we fm 
ezpre» it bj our sjinbijls. We know- all sboot the 
rr.oleonlar o^nstitntioii or the laccors of the reaction. 
The aymbol of a molecole of so^iimn is ^arXa, and 
tr^at of water H-O-H. These molecnles have the sim- 
plest tjpes of structnre. We also know that the mole- 
eale of hydrogen gis has the symbol H-H, but how 
about the molecule of caustic soda (sodic hydrate, as we 
call It; ? Chemical analysis shows that this sabstance 
conidsts simply of sodiom, oiygen, and hjdrogeo. in 
proportions, by weight, corresponding exactly with 
those proportions which hare been assumed to be the 
relative weights of the atoms of these three elements. 
Analysis, therefore, proves that the molecule of caustic 
soda contains an equal number of atoms of all three of 
its elementary constituents, but it does not enable ns to 
decide whether its symbol is XaOH or Xa^O^Hs, or any 
other simple multiple of these letters. Here, however, 
the principles of quantivalence come to our aid. We 
know that both H and Xa are univalent atoms, and 
that the molecule of oxygen can only hold two such 
atoms. Hence the symbol must be Ka-O-H, and can 
be nothing else. Were caustic soda a volatile solid, so 
that we could determine the specific gravity of its va- 
por, we could reach a knowledge of its molecnlar con- 
stitution in the manner previously described, which is 
much more direct and satisfactory ; but, as it cannot be 
volatilized within any manageable limits of tempera- 
ture, we are obliged to resort to methods whose re- 
sults are undoubtedly less conclusive, and depend, to a 
greater or less degree, on theoretical considerations. 

Writing out, now, the symbols of the factors and 
products of our reaction, 

Na-Na H-O-H Na-O-H H-H, 
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Ive notice that, as there are two atoms of Na in the 
molecnle of tlie metal, we muet have formed two mole- 
cules of Na-O-H, and, as there will then be four atoms 
of hydrogen among the products, there must be two 
molemiles of water used in the &ctors, and our reac- 

[ tion, thus amended, becomes 

Na-H"a + 2H-0-H = 2Nft-0-n + nn. 

[ If, next, we represent the reaction by graphic symbols, 
the nnture of the change will be made still more evi- 
dent : 

n-O-n Na _ Na-O-H H 

H-O-H ""^ Na ~ Na-O-H H. 
It win be now seen that the two atoms of sodium hare 
changed place each with an atom of hydrogen in the 
molecule of water, and that the displaced atoms of 
hydrogen have taken the place of the atoms of Bodium. 
In a word, the new molecules have precisely the same 
strnctnre as the old, and only differ from them in the 
substitution of Na for H, or the reverse. This reac- 
tion is, therefore, a simple example of metathesis. 

Caustic soda (or sodic hydrate), which was one of 
the products of the reaction we have been studying, 
belongs to a class of substances which have long been 
distingnished for their very marked and useful quali- 
ties, and are called alkalies. The most striking and 
familiar of these qualities have already been noticed, 
and, among others, the effects which the alkalies produce 
on the colored papers dyed with turmeric or litmns, 
Kow, there is another class of compounds whose quali- 
ties, while equally marked, bear a most striking antithe- 
to those of the alkalies. These compounds are called 
and the word recalls a peculiar taste and a corrosive 
-hich every one is more or less familiar, 
■e of these substances, the muriatic 
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acid of commerce, wliieh, as I have already told yon, is 
s solution of hydrochloric-acid gas (HOI) in water. 
Notice that, when I dip in this acid solution the dyed 
papers which have heen altered by the alkali, their 
former color is at once restored. The acid thus undoes 
the ell'ect of the alkali, and, what is more, if I add the 
acid slowly to the alkaline solution, and, after each 
addition, teet the solution with my papers, I shall find 
that the alkaline reaction, as we call it, becomes feebler 
and feebler until at last it wholly disappears. So, on the 
other hand, if we add the alkaline to the acid solution, 
the test-papers will ahow that the acid qualities disappear 
in a similar manner, and we can easily bring the solu- 
tion to such a condition that it has no more effect on 
the vegetable dyes than so much pure water. Thia 
chemical process is usually described by saying that the 
acid and alkali neutralize each other, and notice that in 
the case before us the test-papers show that the neutral 
point has been reached. On tasting the solution, we 
cannot discover the least traces of either an acid or an 
alkaline taste, but in their place we recognize the flavor 
of conunon salt, and if we evaporate the solution we 
shall obtain a small quantity of thia most familiar con- 
diment. 

"With all the substances concerned in the reaction 
we have just studied, we are perfectly familiar. Let vs 
see, then, if we cannot express the reaction by means 
of our chemical symbols: 

Nh-O-H -h hoi = H-O-H -I- Nii-Cl. 

BodloHyclratft nydrooUorto Add, -Wntet. Sodic Chlorida. 

The reaction evidently consists in the simple substitu- 
tion of Na for H in the molecule of HOI, and the 
reproduction of a molecule of water, which, mixing 
with the great mass of water [ireaent, would naturally 
be lost sight of in the esperimentj 
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ACTION OF POTASSIDM ON WATER. 

It appears, then, that, in the present case at least, 
itralizing of an acid by an alkali is & simple 
inetathetical reaction, in which the metallic atom of 
the alltaline-molecnle changes place with the hydrogen- 
atom of the acid-molecule. Now, the chief interest of 
this experiment arises from the fcct that it is a single 
example of a genera! truth, and the principle is one 
if such importance that it refjuircs farther illustration. 
On the second pan of water I therefore throw a 
imp of another metallic element, closely allied to so- 
lium, called potasBinm. The action is even more vio- 
lent than before, and mark that the escaping hydrogen 
inflames while the metallic glubnle is swimming rapidly 
about on the siufaee of the water, Kotice, also, the 
beautiful color which the potaseium-vapor imparts to 
the flame, so different from that obtained with sodium. 
These colors are, in fact, very characteristic, and, when 
examined with the spectroscope, are condensed in cer- 
tain luminous bands, whose positions on the scale of 
the instrument afford a never-failing indication of the 
presence of the metal in the flame. Tou see, more- 
over, that, as before, the water has acquired an alkaline 
reaction, and, if we evaporate the solution, we shall ob- 
tain a small quantity of a white solid called potash (or 
potassic hydrate), so similar to caustic soda that the two 
can scarcely be distinguished except by chemical tests. 
The process is so analogous, in every respect, to the 
last, that it is certainly unnecessary to repeat the evi- 
dence on which our knowledge of the reaction is 
based, but we will express it at once by our chemical 
symbols : 



The sole diSercnce ie that we have heic tttoins of potas- 



eiom, K, instead of atoms of sodium, Na, whieli, how- 
ever, like the last, take the place eauh of a hydrogen- 
atom in one of the raoletuiles of water. 

In the previous example we neutralized the alkali 
Boda with hydroeldoric acid. We have here another 
compound of the same class, called nitric acid, and let 
U3 see whether, in like manner, this acid will neu- 
tralize the alkali potash. Notice that, as we add the 
acid, the alkaline reaction becomes feebler and feebler, 
until at last it has entirely disappeared. The liquid 
has now no effect on either of these sensitive papers. 
On tasting it, we discover no pungency, and likewise 
no acidity, hut we recognize a peculiar saline taste, 
which is not unfamiliar, Ilere ie a bit of paper ■which 
has been dipped in a similar solution and dried. See 
how it sparkles when lighted, and every boy will tell us 
that we are dealing with the well-known salt we call 
nitre. And so it is ; and, on evaporating the solution, 
we should obtain the familiar crystals of this substance, 

Before we can explain tliis new reaction, we must 
know what is the symbol of a molecule of nitric 
acid, and also that of a molecule of nitre. Since nei- 
ther of these substances can be volatilized without de- 
composition, wo cannot weigh their vapor, and cannot 
therefore apply the ftiethod of finding the symbol we 
explained in a previous lecture. As in the case of the 
Bodie hydrate, however, we are not wholly helpless, for 
analysis will tell us a great deal, and, once for all, let us 
consider just how much information an accurate analy- 
sis will give us in regard to the symbol, and how far 
it leaves ns in the dark. 

Here, then, we have the analysis of nitric acid, and 
in regard to the accuracy of these numbers there CMi- 
not be a doubt : 
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Hydrogen 1.59 1 H 

Nitrogen 22.22 U N 

Oxygen 76.19 48 O. 

100 

Nitric acid consists of the three elementary substances 
— ^hydrogen, nitrogen, and oxygen — ^in the exact pro- 
portions here indicated, just so many per cent, of 
each. Now, these per cents, are to each other pre- 
cisely as the numbers 1 : 14 : 48 ; or, as the weight of 
one atom of hydrogen is to the weight of one atom of 
nitrogen is to the weight of three atoms of oxygen ; or, 
in symbols, as H : N : O3. But, as every one knows, 
we may multiply all the terms of a proportion by any 
number we please without in the least altering the 
value of the ratios — thus, 1 : 14 : 48 = H : N : Os = 
H2 : N2 : O5 = Hg : Nf : O9 ; or, in general, as Iln : 
Nn : OsQ. Hence, then, if nitric acid consists of hy- 
drogen, nitrogen, and oxygen, in the proportions which 
our analysis indicates, its molecule must be represented 
either by HNO^, or by some simple multiple of these 
^mbols. Knowing, then, as we do, the relative 
weights of the atoms, simple analysis will tell us in 
every case the relative number of atoms present in 
the molecule, but it cannot fix the absolute nuinbc^r. 

You see, therefore, that analysis alone ^vcm ijh nU 
ways a close approximation to the symlK^l, and llnilt.M 
the question within very restricted l>ofjnds. The «lfri- 
plest formula in any case is tliat which rf^frammU ilio 
molecule as consisting of the smaller number tff wliolo 
atoms which win satisfy the conditions, and ilio otily 
question can be as between this symbol and lU rnulil 
pies. In the case of all volatile c^^mpoundM, 11 vnry 
rou^ determination of their vH]fifr dmmiiy U mtttU'U^id 
to decide the question* Thus, in tti<; caiN9 of nitric; mU\f 
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if the symbol is UNO.,, the moleenlar weight is 63, 
and the vapor density would be 31.5. Were the sym- 
bol HiN^Ofi, the density would be 63 ; were it HaNaOs, 
the density would be 9i,5 ; and, although there are 
caases which make many of our determinations of va- 
por densities untrustworthy within several per cent., 
they are abundantly accurate enough to show which of 
such widely -differing values must he the true one. 

Hence, although theoretically the molecular weight, 
as determined by the vapor density, is our starting- 
point in the investigation of the symbol of a compound, 
practically it is only used to control the results of anal- 
ysis. So also, when, in the case of non-volatile com- 
pounds, we must resort to other modes of fixing the 
molecular weight, an accurate analysis having once been 
made, the question lies only between a few widely-differ- 
ing numbers, and considerations are sufficient to decide 
between these which would not be regarded as satisfac- 
tory were greater accuracy required. 

Of course, as must he expected, there are substancea 
in regard to which no definite conclusions can be 
reached, and where conflicting evidence rendera differ- 
ences of opinion possible. This is tree of many min- 
eral species, and the symbols of such compounds are in 
doubt to the extent I have mentioned. In such cases, 
we usually adopt provisionally the simplest symbol 
which the analytical results permit, and wait for the 
advance of science to correct any error which may ba 
made, and which, for the time at least, is unimportant 

When it is remembered that the molecular weight 
of a substance can always he calculated from its symbol, 
it is obvious from the above example that an accurate 
analysis always gives na the means of determining the 
Bmaliest possible molecular weight, and the true Yaltta-^i 
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^Ktist be either the value thus determined, or some eim- 
^ile mnltiple of it. Thus, in the case of nitric acid, the 
molecular weight muBt be either 63 or a simple multi- 
ple of 63. In a previone lecture we saw that, with the 
eame limitations, an exact value of the molecular weight 
might be derived from the definite proportions which 
a anhstance preserves in anj of the chemical processes 
into which it enters, and we made these definite pro- 
portions the basis from which, in theory, we derived the 
accurate valnes of the molecular magnitudes on which 
we bnilt the system of chemical symbols and formulas. 
But practically we do not directly determine the com- 
bining proportions, because the same knowledge may bo 
deduced from the results of the analysis, which it is 
always our first object to make in studying the chemical 
relations of every new substance ; and we now see that 
from the results of an accurate analysis we can alwaye 
calculate the simplest possible symbols and the smallest 
possible molecular weight, and, with these data, we can 
always predict what must be the definite proportions in 
any process where the reaction is known. Still, although 
practically we calculate these definite proportions in- 
stead of determining them experimentally, yet it is per- 
fectly possible to reverse the process as we did reverse 
the reasoning ; and our method of presenting the facts 
had the great advantage of giving us elear conceptions 
of the first principles of our chemical philosophy before 
we had any knowledge of chemical symbols or of the 
results of analysis which they express. 

This ia, undoubtedly, a difficnlt subject — one of the 
most difficult in chemistry; hut the difficulty can be 
mastered with a little thought, and it requires no de- 
tailed knowledge of the science to follow the reasoning 
thas far. It is different, however, with the purely chegu 
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1 we are freqnently ( 
rely for deciding between the few formulas v 
given case, analysis Bhows may be possible. Thia evi- 
dence will have no force, except with those who have 
already a competent knowledge of the facts. Thus much, 
however, can be understood. The facta of chemistry, 
like those of any other science, are parts of a general 
plan more or less fully apprehended by the student, and 
the evidence of which I am speaking may be summed 
np in the statement that the given symbol is accepted 
because it is consistent with thia plan. Of course, such 
reasoning ia not absolutely conclusive, and there is 
room for doubt, but so there ia in every department of 
science. A part of the way we walk in the clear light 
of knowledge ; the rest of the way we grope ; but it is 
only thus that we can penetrate the darkness of the 
unknown, and we rely on that intelligence in man 
which finds its response in the intelligence of Nature, 
to direct our steps. 

Having now explained as fully as our time will per- 
mit the general nature of the evidence on which we 
depend for establishing the empirical symbol of a com- 
pound, I shall not recur to it again, but shall regard it 
as sufficient to say that chemists are agreed that the 
symbol ia thus or so. In the case of nitric acid, there 
is no question that the symbol of the molecule is 
HNOg, and, in like manner, KNO3 is the received sym- 
bol of nitre. How, now, shall we write the reaction wa 
last studied ) Simply thus : 

K-O-H + n-NO, = H 0-H 

FaMutD Hydnto. Nltrio Acid. Valet. 

The reaction, then, consists merely in an interchango 
between the hydrogen-atom of the acid and the metal- 
lic atom of the alkali. It is, then, precisely similar to 
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ffiie reaction between eodic hydrate and hydrochloric 
add ; and, if, ae I said before, these are only examples 
of what is true in the case of all alkalies and all acids, 
we are certainly justified in deducing from our experi- 
inents the following principles : First, an alkali is a 
eubstance whose molecules have a definite structnre, 
and diS'er from the molecales of water only in hav- 
ing a metallic atom in place of one of the hydrogen- 
atoms of the water-molecule ; secondly, an acid is a 
substance whose molecules contain at least one atom 
of hydrogen, which is readily replaced by the metallic 
atom of the alkali when the two substances are brought 
together. 

As the illustrations already given indicate, the char- 
acteriatic qualities of an acid depend upon the circum- 
etance that certain hydrogen -atoms in the molecules 
of these substances are readily replaced by metallic 
atoms. In my nest lecture, I shall show that this sus- 
ceptibility to replacement depends upon a definite 
molecular structure, hut I must not leave this subject 
withont insisting on the fact that this characteriatic of 
acids is manifested in other ways besides the special 
mode we have been studying. A few experiments will 
illustrate this point : 

In this flask there are some wrooght-iron naila. 
We pour over them some mm'iatic acid, and warm the 
vessel. At once there is a brisk evolution of gas, which 
we are here collecting, in the usual way, over water; 
and notice that, when lighted, the gas bums with the 
familiar flame of hydrogen. Muriatic acid is an old 
friend. "We know all about its constitution, and it 
is evident that the iron-atoms have replaced the hy- 
drogen-atoms of the acid. If we evaporate the solu- 
tion left in the fiask, we shall obtain a green salt con- 
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sisting of dilorine and iroa. TLo reaction is I 
I'epi'eaeiited : 
H-Cl 

+ Fo = 

n-a _ 

HjOruclitorti] Acia. Iron. Ferroiii Cbloriile. Hyflroson Om. 

Aa the iron-atom is bivalent, it takes the place of two 
atomB of hydrogen, wbich, when thus displaced, for m^ 
molecule of hydrogen g 




In the second flask are Home zinc-clippings, and 1 
■will pour over them some dilute sulpliuric acid, onag 
the best known of the class of compoundB we ai-e stt 
ing. Again, notice a brisk evolution of gag (Fig. 31), 
which also, aa you see, bums like hydrogen. Indeed, 
this is the process by which hydrogen gas is usua lly 
made : 

H^SOi + Zd = Zii=SO. -I- H- 

BnlplluriD AoIrL Zinc. ZUjd Sullilislt. Ilfdiog 

In the reaction, which is here written, you notice t 
as before, the metallic atom takes the place of i 
atoms of hydrogen; but Bulphuric acid differs f 
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both hjdrochloiic acid and nitric acid in that each ci 
its molecnles has two atoms of hydrogen, which can be 
thus replaced. 

Examples like these might be multiplied indefi- 
nitely. We will conclude, however, with one more 
experiment, which illustrates the same susceptibility to 
substitution, but under slightly different conditions. 
This white powder is called zinc oxide, and is a com- 
pound of zinc with oxygen. Notice that it dissolves 
readily in a portion of the same dilute sulphuric add 
used in the last experiment. Moreover, on evaporating 
the solution, we should obtain zinc sulphate (ZnS(\), 
the same product as before. Why, then, is there no 
hydrogen gas evolved ? Let our symbols tell us : 

ZnO + H,S04 = H,0 + ZnSO*. 

Zbe Oxide. SnJ^hiuie Add. Water. Zino Sulphate. 

You see that the metathesis yields water instead of 
hydrogen gas, and the question is answered. 
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ht our last lecture we saw that, whether an add U 
brought in contact with an alkali, a metal, or a metalUfr 
oxide, one or more of the hjdrogen-atoma in its mole- 
cules become replaced by metallic atoms from the mole- 
cules of the associated body, and this susceptibility to 
replacement was, as I stated, the distinguishing feat- 
ure of that claBS of compounds we call acids. But I 
should leave you with a very imperfect notion of thea 
important relations, if I did not proeeed further 1 
illustrate that the class of compounds we call alkalie^ 
and which we have been accustomed to regard as ( 
very opposite of acids, have exactly the same cbara 
teriBtics. 

In this small glass flask there are some clippings a 
the metal aluminum, the metallic base of clay whitJ 
has, within a few years, found many usefal t 
tions in the arts. On this metal I pour a solution i 
Oftustlc potash. Notice that, on heating the flask, ] 
obtain a brisk evolution of gaa. On lighting the gas, il 
bnms with a flame which leaves us no doubt that the g 
is hydrogen. Wliat, now, is the reaction ? Somewbfd 
more complex than those yon have previously studiei 
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3 the atom of aluminum has a qiiantivalence of 
six. Moreover, in order to eatisiy certain very striking 
analogies, we write the symbol of this atom Alj, that 
is, we take 2T.4 m.c. of aluminum for the agsnmed 
atom, and represent that hy Al, althongh 54.8 m.c., 
wbicU we write A]„ is the smallest quantity of the ele- 
ment of wljjch we Lave any knowledge, or which 
changes place with other atoms in the numerous meta- 
thetical reactions with which we are acquainted. Here 

K-O-H 
K-O-H 

kIoIh + -^' = K.-O.-Al, + 3H-H. 



the Al, takes the place of six hydrogen-atoms, thus 
binding together what were before six distinct mole- 
cules of K-O-H into a single molecule of the resulting 
product. Evidently, then, the hydrogen-atom in the 
molecule of the alkali has the same facility of re- 
placement as that in the molecule of the acid. Nor 
is this an isolated example, altliough, perhaps, the most 
striking we could adduce, and it illustrates a truth 
which was recognized long before the general adoption 
of the new philosophy of chemistry. Acids and alka- 
lies belong to the same class of compounds, and caustic 
potash and nitric acid are simply the opposite extremes 
of a series of bodies in which all the intermediate 
gradations are fully represented. In our modem 
chemistry we call this class of chemical substances hy- 
drates, and we distinguish the two extremes of the 
class as alkaline (or basic) and acid hydrates, respec- 
tively. The terms alkaline and basic are here nsed 
synonyraoosly, althongh the first ia generally restricted 
to the old caustic alkalies, including ammonia and the 
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few compounds closely allied to them, which have be« 
recently discovered. 

Seeing, now, that the hydrogen-atom in the moli 
cule of potasaie hydrate has the same susceptibility 
replacement whose cause we are seeking to discover', 
and knowing, as we do, the structure of this alkaline 
molecule, may it not be a similar structure which de- 
termines the like soBceptibUity in the molecules of all 
acids; for example, in those of nitric acid? What,now, 
is the position of the hydrogen-atom in the molecule 
which we have so often written, K-O-H? Wliy, simply 
this. It is one end of a chain of three atoms which 
has an atom of the metal potassium at the other end, 
and an atom of oxygen connecting the two. Now, we 
can write the symbol of nitric acid thus : 



-o 



■(N(8), 



and you will observe that we thus satisfy all the condi- 
tions of quanti valence, and have a structure similar to 
that of potassic hydrate. As before, we have an atom 
of oxygen uniting the hydrogen atom with the other 
end of the cliain ; but then this end of our molecular 
strnetnre is formed, not by a single atom, but by ( 
group of atoms (KOj) which, nevertheless, can he i 
placed by metathesis just like a simple atom. 

Allow me here, however, to make a short digi 
sion from the main line of my argument, in ordei 
define an important term which we shall have fi 
occasion to use during this lecture. Ey comparing t 
symbol K-O-H with H-0-(NOi!), it will be evident thai 
the only essential difference between them is that t! 
group NOa in the last takes the place of the atom K i 
the first. It must be, then, the influence of this pai 
" e molecule which determines the differi 
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tween a strong altali and a strong acid. Kow, ench an 
atom or such a group of atoms, which appears to deter- 
mine the character of the molecule, ia constantly called 
in chemistry a radical. Thus K is the radical of the 
molecule K-O-H, and NOj the radical of the molecule 
H-O-KO; ; but, while the potassium-atom is called a sim- 
ple radical, the group NO3 forms what is known as a 
compound radical. The influence of simple radicals ia 
determining the qualities of their compounds has long 
been recognized. Indeed, the old chemistry laid alto- 
gether too much stress on this influence, regarding the 
qnalities of a substance as derived in some unknown 
bnt remote manner from the qualities of its elements, 
and wholly ignoring the effect of molecular structure 
on these qualities, which we now know to be at least 
equally great. It was a very great step forward when 
the German chemist Liebig Erst recognized the truth 
that a group of atoms might give a distinctive charac- 
ter to a class of compounds just as effectively as an ele- 
mentary atom. These groups he first named com- 
pound radicals, and assigned some of the names by 
which the more important of them are still known, 
and we now speak just as familiarly of the compounds 
of cyanogen (CNl, of ammonium (NHj), of methyl 
(CHj), of ethyl (CjHs), etc., as we do of the compounds 
of chlorine, potassium, zinc, or iron. Moreover, each 
of the compound radicals, like a simple radical, has 
a definite quantivalence, but, while the quantivalence 
of the eimple radical depends on wholly unknown 
conditions, that of the compound radical depends on 
the quantivalence of the elementary atoms of which it 
consists. Thus the radical NOj is univalent because 
one only of the iivc bonds of the nitrogen-atom re- 
mains unclosed, as the symbol indicates. Examine, 
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alao, the grapliie symbols of the other compound radi 
cals mentioned above: 



Uetbyl E 

In each ease, the nnmljer of bonds which are not clos 
determines the quan ti valence, 

Keturning, now, to our comparison between K-0- 
and H-O-NOj, we should describe the relations of 
molecules in a few words by saying that the acid and 
the alkali had molecnles of the Bame general structure, 
but differed in that the radical of the aliali was the ele-. 
mentary atom potassium, while the radical of the a< 
was the atomic group NOj. 

As tlie result, then, of our discuBsion, we are led 
the theory that acids and alkalies are eompoundi 
ing the same general molecular structure, and that tlie 
susceptibility to replacement of the hydrogen-atom or 
atoms, which all these compoimds contain, dcpem' 
upon the molecular structure, while the diiiereneea bi 
tween acids and alkalies, and, we might add, the diffe 
ences between individual acids or individual alkalies, di 
pends on the nature of the radical. Ilaviug been 
thus far, the question next arises, Can we trace any eoi 
nection between the acid and alkaline characters of th( 
eompounds, on the one side, and the nature of the rat 
icals, which appear to determine these features, on tl 
other side ? 

The simple radicals, as they appear in the elem< 
tary substances, may be divided into two great clasat 
the metals and the non-metals, the last class, by 
gular perversion of languagCj being frequently calli 
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metalloids. Now, the most elementary knowledge o 
chemistry shows that, while radicals of opposite na- 
tures combine most eagerly together, two metals, or two 
closely-allied metalloids, bIiow but little affinity for each 
other. These facts suggest at once an analogy between 
chemical affinity and the familiar manifestations of 
polar forces in electricity and magnetism ; where it is 
also true that the like attracts the unlike. Moreover, 
it is found that, when, in the various processes of elec- 
trolysis, chemical eompoimds are decomposed by the 
electrical current, the difl'erent elementary substances 
appear at different poles of the electrical combina- 
tion. Thus, hydrogen, potassium, and, in general, the 
metals, are evolved at what is called the negative pole, 
while oxygen, chlorine, bromine, and the allied metal- 
loids, appear at the positive pole. It was, then, not un- 
natural to refer these effects of electrolysis to the elec- 
trical condition of the atoms, and to assume that the 
atoms had an opposite polarity to that of the poles, to 
which they were attracted, and hence the metals eamo 
to he called electro-positive and the metalloids electro- 
negative radicals; and these facts were thought very 
greatly to confirm the notion that chemical affinity is a 
manifestation of polar force closely allied to electrical 
attraction. 

As expounded by the great Swedish chemist. Berze- 
lius, this electro-chemical theory gave new life to that 
Byatem of chemistry which, introduced into the science 
by Lavoisier and his contemporaries, has been only re- 
cently superseded. Corresponding to the duality of the 
electrical and magnetic poles, it was argued that there 
must be a duality in all chemical compounds, the ele- 
ments uniting by twos to form binary compounds, the 
binaries again uniting by twos to form teraary com- 




pounds, and so on ; and from this, its most character- 
iatie feature, the old philosophy is now called the dual- 
istic system. As the knowledge of chemical compounds 
lias been enlarged, it has been found that, whatever may 
be the resemblances between electrical and chemical at- 
traction, the analogy fails in the very point on which the 
dualistic system relied. But the chemists of the new 
flchool, in their reaction from dualism, have too much 
overlooked the electro-chemical facts, which are as true 
now as they ever were. The distinction between posi- 
tive and negative radicals, baaed on their electrical rela- 
tione, is evidently a most fundamental distinction, al- 
though, as Berzelius himself showed, the distinction is ft 
relative and not an absolute one. It is possible to clas- 
sify the radicals in one or more series in which any mem- 
ber is positive toward all that follow it, and negative 
toward all that precede it in the same aeries, and this 
principle is as true of the compound as it is of the sim- 
ple radicals. Now, it is in this difference between posi- 
tive and negative radicals that we shall find the origin 
oi' the distinctive features of the acid and the alkali. 

Compare, again, the symbols of potassic hydrate 
and nitric acid as we liave bow learned to write them — 
K-O-H and H-O-NO3— and seek, by the electro-chemi- 
cal classification, to determine what are the electrical re- 
lations of the radicals K and NO^, to which, as I have 
said, we must refer the distinctive features of these 
compounds. It will appear that K, the radical of the 
alkali, is the most highly electro-positive, and NO2, the 
radical of the acid, one of the most highly electro-nega- 
tive of all knovra radicals. Moreover, if you will ex- 
tend your study, and compare in a similar manner the 
electrical relations of the other well-marked alkaline and 
acid hydrates, yon will find that the radicals of the al- 
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Italiea are all electro-positive, and the radicals of the 
aeide all electro-negative, and, further, that the dietiiic- 
tive features of the alkali or the acid aro the more 
marked in just the proportion that the position of tlio 
radical of the compound, in the electrical classification, 
is the more extreme. Lastly, those hydrates whose 
properties are indifferent, and which sometimes act as 
acids and sometimes as alkalies, will be found to contain 
radicals occupying au intermediate position in the same 
classification. 

In following, theu, the path whieh theoretical con* 
^derations have opened, we liave met with a most re- 
markable class of facts. Alkalies contain radicals which, 
in the process of electrolysis, are attracted toward the 
negatiye pole of the battery, while acids contain radi- 
cals which, under the same conditions, are drawn toward 
the positive pole, and, in the proportion as the energy 
thns mutually exerted between radical and pole is the 
ZQore marked, the acid or alkaline featuree of the hy- 
drates of the radical are the more pronounced. Here 
are the facts, which no one will question; and what, 
now, is the explanation of them i We can give only a 
.theoretical explanation based on the analogies of polar 
forces, a mode of manifestation of energy of which the 
chemical force appears to partake, as the very phenom- 
Sam of electrolysis indicate. 

If we carefully study what we have called the dis- 
tinctive features of acids and alkalies, they will be found 
to depend on this, that the hydrogen-atoms of acids are 
Madily replaced only by positive, and the hydrogen- 
fttoms of alkalies only by negative radicals. In other 
words, with every hydrate the power of easily replacing 
its hydrogen-atom is only enjoyed by those radicals 
trhich are opposite in their electrical relations to the 
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radicsl which the hydrate akeady contains. This mil 
be foand to be the one characterietie to which all that 
is peculiar to eitlier acid or alkali can be referred, and 
if we can explain this we have explained all. 

The explanation we would oli'er is as follows : The 
oxjgen-atom with its two bonds, -O-, is in a eondition 
similar to that of a bar of soft iron, susceptible of mag- 
netism. When we unite the atom by one of these 
bonds with a positive radical, we produce an effect sim- 
ilar to that obtained by placing in contact with one end 
of such an iron bar a powerful magnetic pole. Under 
these conditions, as is well known, the two ends of the 
bar become strongly polar, the farther extremity ac- 
qturing a polarity of the same kind as that of the active 
polo ; and so, in the ease of our oxygen-atom, a posi- 
tive radical united at one bond seems to polarize the 
atomic mass, and make a positive pole at its other end. 
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Furthermore, if we bring a lump of nickel in coid 
with the free polo of an iron bar, in the eondition i 
described, magnetic attraction will be develop 
mass of the nickel, a negative pole will be formed atl 
point of contact, and the lump wiU adhere. So, i 
we may suppose that a siinilar effect is produced on'l 
somewhat indifferent hydrogen-atom, which, adde(~ 
K-0-, makes up the alltaline molecule — 



I,as6ly, if we bring near the now loaded pole of I 

iron bar — to which we will assume there i 

as large a lump of nickel as it is capable of hol^ 



K 
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lump of soft iron, the pole will drop the nickel 
id take the iron. In like manner, if we bring near 
alkaline-molecule a radical, like NOa, which has, 
its own nature, or is capable of receiving by induc- 
[oD, a higher degree of negative polarity than the hy- 
»gen-atom, then the molecule drops the liydi'ogen- 
<ni and takes the radical. 

lin, Btart with the same oxygen-atom with its 

'0 possible poles, and unite it by one of its bonds to 

negative radical, it is evident that an opposite effect 

'will be produced to that described in the last paragraph. 

The hydrogcu-atom united to the remaining bond will 

now become by induction electro-positive, thus : 

H-O^-CNOO; 

id, consequently, if we bring near the molecule a rad- 
like K, which, by its nature, has a highly electro- 
positive polarity, the molecule will drop the hydrogen 
and take in its place the potassium atom. It is the 
preference for a negative radical in place of its hydro- 
gen-atom which makes the first molecule alkaline, while 
it 13 a similar preference for a positive radical which 
inders the second molecule acid ; and these preferences, 
we now see, are manifestations of energy similar to 
with which we are fiimiliar in that well-known 
lode of polarity called magnetism. 

Let me not, however, be understood to imply that 

le analogy here presented is perfect, or that it can bo 

illowed out into details ; for this ia far from being 

If chemism is, as it seems to be, a mode of 

liar action, it manifests characteristics which find 

their parallel in electrical rather than in magnetic phe- 

One instance of the failure of the analogy 

I have drawn wc meet at once — and you have probably 
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already detected it — in that important but small claas 
of acids of which hjdrocliloric acid is the type. The 
molecules of these compounds consist of a single hy- 
drogen-atom united to a highly-negative radical, and 
this hydrogen-atom lias the same susceptibility of re- ■ 
placement by positive radicals, which is the eesential 
characteristic of the acid hydrates we have been study- 
ing. These molecules contain no oxygen, and how, 
you may ask, can the tlieory of the constitution of adda i 
and alkalies we have been expounding apply to them I | 
The only answer we can give is, that they appear to 
present a simpler type of polarity, to which, though ' 
unlike magnetism, we have a parallel in the phenomena , 
of electricity. 

Take, for inetance, the molecule of hydrochloric I 
acid, HCl, the best example of its class. In this the 
chlorine-atom seems to have a single pole, which is , 
strongly negative, and by its influence there appears 
to be induced an opposite pole, also single, in the atom 
of hydrogen. If, now, we brbg near to this binary 
group an atom like Na, which either has by itself, or 
is capable of acquiring by induction, a higher degree 
of positive polarity than 11, then the chlorine pole drops 
the H and takes the Na. 

In the polar condition thus developed, the two op- 
posite poles are on different atoms, and not only are 
the two atoms separable, but the positive or negative 
virtue appears to be inherent in the atom, and is trans- 
ferred with it. A magnetic pole, on the contrary, iB 
always associated with its opposite on the same mass of 
metal, and, if the mass is divided, two poles are found 
on eachof the fragments, and soon indefinitely, however 
far the division may be carried. In the phenomena of 
statical electricity, however, we have a well-defiin 
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condition of polarity, to which the example of chemism 
we have been just discussing appears to be closely al- 
lied. If a pith-ball, electrified positively (or vitreouB- 
ly), is brought near a similar ball electrified negatively 
(or resinously), they attract each other, and the one be- 
eomes the pole of the other. If, now, the two are sep- 
arated, each carries with it its electrical charge, and 
the peculiar virtue it has io consequence of that charge. 
put, though the two poles may thus be separated, and 
eease to have any relation to each other, yet they do 
Hot become isolated in any proper sense of that term, 
&r each of the electrified bodies draws, by induction, 
1 electrical charge, opposite to its own, to the extrem- 
ity of the nearest conductor, and this charge becomea 
a new pole. An isolated pole is, in fact, a contradic- 
tion of terms. Polarity implies an opposition of rela- 
tione, which involves two poles, and electrical polarity 
differs from magnetic polarity chiefly in the eircimi- 
Btance that tho two poles are separate bodies. The mag- 
netic poles are the ends of a polarized bar of iron, while 
e electrical poles are the boundaries of a mass of po- 
larized dielectric, usually air, which intervenes between 
the oppositely electrified bodies ; and every charge of 
riectricity is just as closely associated with an opposite 
eharge resting on some conductor beyond the insulating 
^electric, as one magnetic pole accompanies the other. 
Now, it ia worthy of remark that this indissoluble 
ftesociation of opposite poles, which we must expect to 
find in chemical phenomena, if chemism is, as we sap- 
|>08e, a polar force, is actually manifested in a striking 
class of facta. The univalent atoms which, like those 
of chlorine or sodium, act as single poles, are never 
found isolated, but are always associated in a mole- 
ale with at least one other atom which forma the op- 
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posite pole of the molecular eystem, and, although the 
two poles of a molecule like IICI can be readily sepa- 
rated, the atoms do not remain isolated, but immedi- 
ately form new asEOciatione, as in this very case, where 
the atoms of hydrogen pair off into moleculea of hy- 
drogen gas (H-H), and those of chlorine into moleculea 
of chlorine gas (Cl-Cl), which are polar systems similar 
to those destroyed. On the other hand, bivalent atoms, 
like those of mercury or zinc, which bave two poles, and 
may, therefore, constitute a complete polar system, each 
by itself, are sometimes found isolated, and form that 
class of molecules, previously described, in which the 
molecules consist of single atoms. The phenomena of 
quanti vale nee, also, which are such a characteristic feat- 
ure of what we may now call chemical polarity, have 
their parallel in the phenomena of multiple poles, bo 
familiar in magnetism, and may be caused by the same 
polar force acting through atoms of different shapes, 
and susceptibility to its influence ; and the fact already 
referred to, that, in the variations of quantivalence, two 
bonds always appear or disappear at a time, is a strong 
confirmation of this theory ; for, as has been said, one 
pole implies an opposite of equal strength, and the two 
must stand or fall together. It would be a farther con- 
sequence of the theory that, although atoms of any 
even degree of quantivalence (artiads) might become 
isolated in molecules, those of an uneven degree (peris- 
eads) could not ; and this also we find to be true so fiir 
as observation extends ; but the number of elementary 
substances whose molecular weight has been directly 
determined is comparatively small, and those whose 
molecules are known to consist of single atoms, al- 
though all artiads, are only bivalent. 

Eeturoing now for a moment to the simple type trf 
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polai'itj presented by the moleenle H-Cl, let me call 
yoar attention to the fact that the polarity of the ordi- 
nary acid hydrates is but a modified form of the sim- 
pler type, and this will be obvious on comparing the 
aymbol of hydrochloric acid with that of hypochloroua 
acid, from which it differs only by an atom ot oxygen : 



Yon will notice that the atoms H and 01 are the poles 
of both systems, and that the oxygen-atom in the last 
is analogous to an armature between two magnetic 
poles, or, perhaps, more closely to a prime conductor 
"letween two oppositely-electrified bulls : 






© ( - * ) Q 

H O Cl. 



t 



[ypoehlorous acid iUuatrates this relation more strik- 
ingly than nitric add, our previous example of this 
class of compounds, but it is not nearly so stable a sub- 
stance, and has never been obtained in a puj-e condi- 
tion. Nitric acid differs from hypochloroua acid in con- 
taining a compound in place of a simple radical — 



id the presence of compound radicals, often very com- 
plex, in the molecolea of all the well-marked acids, ne- 
cessarily increases the difficulty of interpreting their mo- 
lecular structure, since the symbols may frequently be 
pronped in several ways without violating the principles 
of qiiantivalenee. Our theory of the molecular struct- 
ure of acid hydrates cannot, therefore, afford to waive 
the important evidence in its favor which has been ob- 
tained &om recent investigations, and, as I ant anxious 
|o establish it on such a firm foundation that it may be 
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taken as a basis in onr further investigations of mo- 
lecular Btru(!ture, I must aak you to listen patiently to 
the few additional points I have to present. 

The element carbon forms, with oxygen, besides the 
compound carbouic dioxide, which we have already 
studied, a second compound, called carbonic oxide, 
which lias the symbol 0=0. In this molecule two of 
the bonds of tlie carbon -atom are unemployed, or, 
rather, neutralized by their mutual attraction. Hence, 
these molecules are very much in the same condition 
as the atoms of mercury or zinc, when acting as mole- 
cules, and, like them, the molecule CO can enter into 
direct combination, as a bivalent radical. Striking in- 
etanees of such combination are the formation of phos- 
gene gas by the direct union of carbonic oxide with 
chlorine gas, under the influence of sunlight, and the 
burning of carbonic oxide, when the same moleculea 
unite with an additional atom of oxygen to form car- 
bonic dioxide : 



0-0 = 0. 



4 



Now, if potassic hydrate, K-O-H, is gei 
in an atmosphere of carbonic oxide, a slow but regular 
absorption of the gas takes place, and the potassium 
salt of a well-known acid, called formic acid, is the re- 
sult, and, from a mixture of this salt with sulphuric acid, 
we can readily distill off the acid itself. Formio add 
being volatile, we can determine with certainty its 
molecular weight, and, since an accurate analysis ia also 
possible, there is no doubt whatever that the symbol 
HjOjC expresses the exact composition of its moleenle. 
But how are these atoms arranged! As data for 8<dTt . 




f ing this problem, we have, in the first place, the known 
quantivalence of the several atoms, and, in the second 
place, a knowledge of the fact, acquired in studying the 
phenomena of combustion, that, if, in the reaction by 
which formic aeid was produced, the two atoms of 
the radical CO had been parted, an enormous absorp- 
tion of heat mnst have attended the chemical change. 
But no such thermal effect, nor any of the phenom- 
ena, which would naturally accompany it, have been 
noticed, and we therefore feel justified in concluding 
that the radical CO exists as such in formic acid, as 
the direct absorption of the gas by caustic potash would 
seem to indicate. The only question that remains is, 
how the other atoms are grouped around this radical, 
and the quantivalence of the atoms permits but one 
mode of grouping, as follows : 



H-O-C-H. 

In this molecule there are two atoms of hydrogen, 
one united directly to the carbon-nucleus, the other also 
united to the same radical, but only indirectly through 
the atom of oxygen which intervenes. Now, are both 
of these hydrogen-atoms equally susceptible of replace- 
ment! We find not. If we neutralize the acid by 
potassic hydrate, we obtain the same potassium salt 
which was formed by the direct union of the alkali 
with carbonic oxide, and analysis shows that this salt 
contains just one-half as much hydrogen as the acid 
from which it was formed, and, by no metathetical re- 
action whatever can we succeed in replacing the re- 
maining atom. 

Evidently, then, the two atoms stand in very differ- 
ent relations to the molecule ; but which was the one 
i ! As to this point, we have the most conclu- 
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eive and abundant evidence. We need call, however, 
but a single ciase of witneHses. Formic acid is the first 
of a series of volatile acids, and the molecules of the sac- 
cessive compounds which form the steps of this series 
differ from each other by the common difference CHj. 
The second member of the series is acetic acid, which, 
in a diluted condition, is used as a condiment with our 
food under tho name of vinegar. The composition of 
pure acetic acid is represented by the symbol H^OjO^, 
and the molecule of this acid, therefore, contains four 
atoms of by,drogen. But of those only ono is replaceable 
— as in foiTnic acid — and the same is true of all the acids 
of this class, although the molecules of the last member 
of the series contains no less than sixty bydrogen-atoma. 
Moreover, acetic acid — like formic acid — contains two 
atoms of oxygen, and two corresponding atoms — and 
only two — appear iu the molecules of all the other 
members of the same series. Add now the turther 
fact, which will be illustrated more fully hereafter, that 
several of the compounds in the series have been pre- 
pared from formic acid by processes which show that, 
if the radical 

O 

H-0-0- 

existe in the molecule of this, the first member of the 
series, it must also form a part of the molecules of all 
the otlier members, and you will be prepared, I think, 
to answer the question proposed above. The facts stated 
may be almost said to prove that in all these molecules 
one, and only one, atom of hydrogen is united to the 
radical by an atom of oxygen, and this must be the sin- 
gle atom which in all these compounds is susceptible of 
replacement. We may, therefore, write the symbol of 
formic acid — 



I 
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and regard the molecule as having a polar condition 
like that we attributed to the molecule of nitric acid. 

Here, then, is a well-marked aciJ, in regard to the 
structure uf whose molecule tliere can be no reasonable 
doubt, and the conclusion we Lave reached in regard 
to it harmonizes completely with that we had pre- 
viously formed in regard to the structure of the mole- 
cule of nitric acid on wholly different grounds. Such 
a. concurrence of testimony gives us great confidence 
in the theory we have advanced in regard to the con- 
stitution of this class of substances, and we may cer- 
tainly accept it as a trustworthy guide in the further 
prosecution of our study. 

It will not, of course, be for a moment inferred 
that we regard the argument now concluded as demon- 
strative. We have been advocating what we have 
expressly called a theoiy, and all we claim is that the 
evidence advanced is aufBciently conclusive to render 
the theory credible, and that the theory is of great val- 
ue, both by giving ns a more comprehensive grasp of 
the facts with which we have to deal, and by helping 
oa to associate the eupersensnous phases of molecular 
action with the visible phenomena of magnetism and 
electricity. 

Having then stated, as fully as the circumstances 
will permit, the evidence on which our theory of the 
constitution of acids and alkalies rests, in the case of 
a few of the simpler of these compounds, I must, as 
regards the molecular structure of the more complex 
compounds of the snmc type, content myself with mere- 
ly stating results, only premising that the conclusions 
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I rest on evidence similar to that already adduced. ^^H 

Beginning with the series of volatile acids, of which ^^| 
formic and acetic acids are members, let mo first call ^^M 
, " 1 
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your attention to the following symbols, which, as we 

believe, represent the molecular structure of these 

bodies: 

O 

g 
Fonnioacid H-O-(O-H) 

O H 

Acetic acid H-0-(0-0-H) 

H 

O H H 

Propionic acid H-O-(O-O-C-H) 

H H 

H H H 

1 I i i 

Nonnal butyric acid ... . H-.0-(0-0-0-0-H) 

III 

H n H 

H H H H 

1 i I I I 
Normal valeric acid H-O-rO-O-O-O-O-H) 

i i I i 
H H H H 

All the above compounds have been thoroughly inves- 
tigated, and all the symbols given above rest on as 
good evidence as the first. All these compounds have 
the same general structure, and the same system of 
polarity, as the simpler hydrates, and they may be re- 
garded as derived from formic acid by successive sub- 
stitutions of 

H 

-0-H 

I 

H 

for the final hydrogen-atom of the negative radical. 

Lastly, notice the binary group, H-0-, which plays such 

«ni important part in these and all similar molecules. 

ff^oup of atoms, or radicals, has been named hy- 
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droxj/l, and, for the future, we shall find it convenient 
to employ this term. 

In all the examples thua far cited, in illastTation of 
onr theory of the niolecnlar stracture of acid and alka- 
line hydrates, the molecnle has contained bnt one hy- 
droxy! (HO) group, and therefore bnt one replaceable 
hydrogen-atom. Such hydrates are Baid to be mon- 
atomic. While, however, the univalent radicals, which 
these compounds all contain, can only bind one 
hydrosyl group, a bivalent radical may be associated 
with two such groups, a trivalent radical with three, 
and BO on. In the resulting compound there will be as 
many replaceable atoms of hydrogen as there are liy- 
droxyl groups united to the radical, and the number of 
these replaceable atoms measures what is called the 
atomicity of the compound. We are now prepared to 
define also the term hydrate, that we have so frequently 
nsed in this lecture to designate the class of compounds 
to winch all the alkalies and most of the acidB belong. 
A hydrate is, simply, a com^vnd of Aydroceyl, and is 
monatonvic, diatomie, triatomie, etc., according as it con- 
tains &ne, two, three, or more hydroxyl groups. Let me 
illustrate this important principle by a few examples 
of hydrates of multivalent radicals, beginning with 
those in which the radical ia bivalent, 

At the boiling-point, metallic magnesium slowly de- 
composes water, liberating hydrogen gas — 

2n,0 -^ Ms = MffO.H, + H-H 

WiMr. Uigocaliuii. UBgnoalo Eydnte. nrdrDgea Gu. 

In tliis reaction the bivalent atom of magnesium 
binds together two molecules of water to form a mole- 
cule of niagnesic hydrate, whose structure may be rep- 
resented: 

H-0-Mk-O-H. 
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The molecule of common slacked lime, calcic hydrate, 
has a similar structure : 

H-0-Oa-O-n. 

Calcic Hydrate. 

These two hydrates are both alkaline, but there are 
corresponding acid hydrates, among which are num- 
bered the two very important chemical agents called 
sulphuric and oxalic acids, whose molecules are sup- 
posed to have the structure indicated by our diagrams : 

O 

H-0-S-O-H H-0-O-b-O-H 

D OzaUc Add. 

o 

Solphiirio Acid. 

Compounds like the last four are said to be diatomic; 
for there are in each case two hydroxyl groups, and 
therefore two easily-replaceable atoms of hydrogen, and 
this is shown, in the case of the acids, by the fact that, 
when wholly or one-half neutralized with caustic soda 
or potash, they give two different salts, in one of which 
the whole, and in the other only one-half, of the hy- 



u.xugc;ix \JA. i/xxo a\ji\x id Ac^j.av;< 


3U. J.11UB, wc ucivt; — 



H-0-S-O-Na 

n 




Na-0-S-O-Na 

11 


II 



HydroBodic Sulphate. 


II 


Disodio Sulphate. 


So also — 



H-0-O-O-O-K 

Hydropotassic Oxalate. 



K-O-O-O-O-K 

DipotasBic Oxalate. 



If, however, we neutralize these dibasic acids with 
magnesic or calcic hydrates, we can obtain but one 
product, because the bivalent atoms Mg and Ca replace 
the two hydrogen-atoms at once. The salts thus ob- 
tained have the symbols : 
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"s o °>-o 0-C»0 

MagDeiie Hulplute. C&tgic Oul&to. 

It may, perhaps, avoid some confusion to re[ 
here the remark already made, that the position 
grouping of the symbols on the diagram is wholly ar- 
bitrary bejoud the relations which the dashes indicate. 

Pass next to hydrates which contain three hydroxyl,] 
groups, and are, therefore, said to be triatomic. Of 
these we shall only cite two examples ; 



H-0-P-O-H 



PhoBphorio fl.ci( 
The triatomic character of phosphoric acid is shown by 
the fact that it can be neutralized by caustic soda in 
three aueecssive stages, and gives three compounds, one 
of which contains no hydrogen, and the others r 
tively one-third and two-thirds as much as in the 
eponding quantity of the acid. The names and symbol 
of these salts are as follows ; 



'iM 



This abbreviated form of notation can be easily under- 
stood, and requires no fiirther explanation. It savefl 
space in printing, and gives all the data required for 
constructing the graphic symbols. 

Of hydrates containing four hydroxyl groups, then 
fore, tetratomic, the most familiar is silicic hydrate — 
n-0 ,,. 0-n 

but this substance is vary unstable, and hitherto it hi 
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been impossible to prepare it of constant composition. 
The instability is due to a cause 'which is inherent 
in many of the moro complex moleenJar Btmet 
Wherever there is a tendency in the atoms to groi 
themselves, so as to better satisfy their mntoal affint 
ties, a slight cause is sufficient to destroy the 
of I'orces on whieh the existence of the molecule de- 
pends, and the strncture breaks up into simpler parts. 
The explosion of nitro-glycerine was a conspicuoue ex- 
ample of this principle, and we have, in these complex 
hydrates, another illustration of the same. It is 
dent, from the very great amount of heat evolved 
the direct union of oxygen and hydrogen gases, tl 
the molecolea of water are in a condition of great 
bility, and the hydrogen and oxygen atoms, which are 
associated in such numbers in the molecules of the 
more complex hydrates, are constantly tending to this 
condition of more stable equilibrium. Indeed, these 
compounds give off water so readily, either spontane- 
ously or at the slightest elevation of temperature, thai 
they were formerly supposed to contain water, as sui ' 
and hence the name hydrates (from vhap, water), whi( 
has been retained in om- modern nomenclaturej 
though wltli a modified meaning. 

Since the hmnber of oxygen and hydrogen atoi 
in the several hydroxyl groups united to the radical 
a hydrate must necessarily be the same, it follows tl 
the formation of every molecule of water must be i\ 
tended with the liberation of an atom of oxygen, an(" 
when a hydrate breaks up, these atoms frequently unil 
with the radical to form compound radicals of lowi 
quanti valence. Thus we have formed from the no] 
silicic hydrate, by the elimination of successive mol 
cules of water, the foUowiug products : 
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SQIGIG HTDBATES. 813 



H 

1 


H 

1 


O 

1 




1 


H-0-Si-O-H 

■ 


Si-0 

1 


1 



1 


1 



1 


H 


H 


Homul Hydnte. 


First Anhydride.! 



O-Si-O 



Beoond Anhydride. 

The atoms of oxygen liberated as juht dcBCTibcd 
may also bind together several atoms of silicon^ and 
fhns give rise to still more complex groups, such as — 



H H 

■ 1 






H 

1 




II n 


1 1 


1 1 






1 



1 




1 1 



1 1 


H-O-Si-O-Si-0- 

■ 1 


H 


H 


-O-Si- 

1 





-Si-0-Si-O-H 

1 1 


1 1 



1 1 






1 



1 




1 1 


1 1 


1 1 

H H 






1 

n 




1 1 

n n 


H H 

1 1 








H 

1 






n 

1 




^i(8)8i 








Si 






1 1 

H H 






o 

1 

n 






1 

n 



These compounds may be regarded as formed by tlio 
coalescing of two or more molecules of the normal hy- 
drate, and the elimination from these combined mole- 
cules of successive molecules of water as before. The 
following table will illustrate what is meant : 

H4 04Si 2(H4 04Si) 8(n4 0* Bi) 

Hs 0% SiO He Oe QUO n,o 0,o SiiO 

SiOi H4 048130, He Os Si.O. 

n. OaSisOi He Oe Si.O. 

2SiOi H4 O4 Si,0« 

Ha Os Si.Oi 
8SiO. 

' A compound derived from a hydrate by the eUmination of water la 
called on anhydride. 
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The table might bo extended indefinitely- It is true 
that not every member of these series is even theoreti- 
cally a possible compound ; but, by attempting to write 
the symbols in the more graphic form, those cases in 
which the atoms cannot be grouped in a single mole- 
cole will be readily distinguished. 

We have in this glass a solution of sodic silicate, 
which is commonly called soluble glass. On adding to 
the solution some muriatic acid, you notice that there 
is at once formed a white, bulky, gelatinous mass. 
This is supposed to be the normal silicic hydrate, but, 
when we attempt to waeh and dry the substance for 
the purpose of analysis, it begins to lose water, and 
we have found it impossible to an-est the change at any 
definite point. In the process of drying, the various 
hydrates, whose symbols we have given, are probably 
produced, but only as passing phases of the dehydra- 
tion, and these symbols would be wholly ideal were it 
not that, on replacing the hydrogen-atoms by metallic 
radicals, we obtain products of great stability. The 
compounds to which I refer are the mineral silicates 
that fomi eo large a part of the minerals and roclis of 
the globe. The two following well-known, although 
not abundant, minerals correspond, for example, to the 
normal hydrate and its first anhydride respectively : 



IdBgnaila CtirJMllle. 



Ca', 



,Si-o 



and the symbols show that the molecular structures 
have described above are realized in these natural prod- 
ucts if not in the hydrates. The molecular structure 
of some of our most common minerals, such as feldspar 
and gaiTiet, corresponds to that of some of the most 
complex hydrates, with radicals consisting ot several 
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Bilioon-atomfl ; bnt, we sliall nnderstand better the man- 
ner in which these highly-complex molecules are built 
up, after we have become acquainted with a remarkable 
hezatomic hydrate, whose well-marked sexivalent radi- 
cal plays a very important part in their structure. 

No definite pentatomic hydrate is known, but of 
hezatomic hydrates there are several noteworthy ex- 
amples. The one referred to in the last paragraph is 
the hydrate of aluminum. The normal hydrate of this 
element, and the several anhydrides which may be 
formed from it by the elimination of successive mole- 
cules of water, are all well-defined mineral substances. 
The following table shows the relations of these com- 
pomidB to each other, and also to certain other mineral 
substances in which the hydrogen-atoms have been re- 
placed: 



Al.'^O.'^H, 



0=A1^4iH4 

Beanzite. 

0=A1^4^i 

Andalasite. 



0«iAla=0«=Hi 

Diaspore. 

0,iAl9=0a=G 

ChrysoberyL 



or'Ai, 

Corundom. 



It would be interesting to represent in a graphic form 
these molecules, but I can leave this to your own study, 
and dose my illustrations of the subject with two or 
three examples of the very highly-complex molecular 
structures which the salts of aluminum present, and in 
which the mode of atomic grouping is less obvious : 

= S-0 
HHO 00 OHH 

N-0-S-O-Al-Al-O-S-O-N 

/ \ H II n / \ 

HHO 00 OHH 

0-=8-0 

Ammonia Alam (dried.) 
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00 00 
Qmiet (lime AMmbu). 



K-0-8i-0-Al-AJ-0-Si-0- 



VeldBpu <0rtbi>]1ii«e]. 

In arranging these sjmbola for oar diagrams, i 
rally seek a symmetrical disposition ; but it n 
forgotten that every thing beyond the number of atomic 
bonds, and the relative position which the dashes indi- 
cate, is purely arbitrary, 

I have dwelt at this length on the theory of the 
acid and alkaline hydrates, because it is just liere thti 
the distinction between the new-school and the olf 
school chemistry chiefly appears. The dualistic theoi^ 
which originated with Lavoisier, and was extended a 
illiiatrated by Berzelius, was based on the very clai 
of facts we have been studying in the two precedinj 
lectures of this eourso. At the time of Berzelius, t" 
elements, the acids, the alkalies, or bases, and i 
large class of compounds called salts, made op vei 
nearly the whole of chemistry, and, of the facta th« 
known, the dualistic theory gave a satisfactory explani 
tion. It was the natural outgrowth of the discoren 
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of oxygen gas, tbat muversally-difltised element with 
wliicli all other elementary eabstances combine, and of 
whose compoTindB almost the whole of terrestrial Nature 
conBiBts. Lavoisier inferred that oxygen muet be the 
chemical centre in the scheme of Nature, and ho there- 
fore made its compounds the basis of a new classifica- 
tion, which, subsequently, Eerzelius greatly systema- 
tized and improved. In this classification the com- 
pounds of the elements with oxygen were divided into 
two classes : Those which, when dissolved in water — 
combined with it we should now say — gave an acid re- 
action, were called acida ; while those which, under the 
same circumstances, gave an alkaline reaction, were 
called bases. It was known then, as well as now, tbat 
these reactions could not be obtained without the pres- 
ence of water, and that the larger part of the oxides, 
being insoluble in water, do not give tlie reactions at 
all ; bnt, then it was supposed that the water acted 
only through virtue of its solvent power, that some 
other solvent would do as well, and that the insoluble 
oxides would give the same reactions if only an appro- 
priate solvent could be found. Hence, these insoluble 
oxides were classed with the acids or bases, according 
as tbey combined most readily with bases or acids re- 
epectively. The insoluble SiOj combined with soda, 
like the soluble SO3, and hence was classed with it aa 
an acid. So the insoluble FeO combined with sulphn- 
ric acid, like the soluble GaO, and hence was classed 
with the last as a base. Again, the neutralizing of an 
acid by an alkali had all the appearand of direct combi- 
nation, and, in all those processes, the acid oxide was aa- 
Bumed to unite with the metallic, or basic, oxide to form 
what was called a salt. The presence of the water, and 
the &ct that it facilitated the chemical change, were not 



ignored, but, as before, it was supposed to act 
of its solvent power, and a sufficient number 
were known where the same compounds could be ob- 
tained with and without the aid of water to render this 
opinion not improbitble. Take a single example : Phos- 
phate of lime may bo made in two ways : first, by add- 
ing to a Bolntion of lime in water a eolution of phos- 
phoric acid : 

(SCaOi^H, + 2U.^O,spO + Aq.) = 

CaB"0,"(PO), + (6H-0-H + AqJ 

Secondly, by uniting lime, the oxide of the metal 
cium, directly to PaO,, the oxide obtained by burning 
phosphorus (page 213) : 

80aO + P,0. = 3CiL0,P.0i, or Oa."0."(PO)i. 
In the last reaction there is no water present, and the 
first reaction was formerly supposed to be a case of 
eimilar direct union between CaO and PjOj, the only 
difference being that the two oxides were in solution : 

3(OaO,nsO) + SHjO,P!iO, = 30aO,Pi,0. + SHaO. 
Accordingly, it was customary to write the symbols 
as in this last reaction, separating the acid from the 
basic oxide by a comma. Here are a few other exf 
pies : 






As expounded and illustrated by Eerzelins, tfel 
dualistic theory had the charm of great simplicity, ana 
was greatly strengthened by the electro-chemical fac 
whiuh he brought forward in its support. The diviBiot 
of the elementary substances into electro-positive ( 
electro-negative elements corresponded very closely fi 

' To SToid conFuflion, all our ajmbols aland for the n 
welirlitii, and this must be remembered in comparing theee formnfaB w 
thone in Ihe old books. 
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! the distinction between metala and metalloids. Baees 
B compounda of eleetro-poBitive elements with oxy- 
gen ; and acids, on the other hand, the oxides of electro- 
negative elements. Again, among these binary eom- 
poonds the basic oxides were electro-positive, and the 
acid oxides electro - negative. Moreover, the wider 
apart in their electrical relations, the stronger was seen 
to be the tendency of both the elements and of their 
oxides to combine, and, just as the metals united to 
metalloida, so bases united with acids. Tbns was formed 
tLe class of ternary compounds, called, as above, salts.' 
Among these, also, could be dietinguisLed a similar op- 
position of relations, although less marked, to that be- 
tween bases and acids, and, from the union of two salts, 
resulted the class of quaternary compounds, or double 
Baits. In this way the thepry advanced from element- 
ary Bubstances to the most complex compounds through 
the Buccessive gradations of binaries, ternaries, and qua- 
ternaries ; the elements or compounds only combining 
with Bubstancoa of the same order, two and two togeth- 
er, like two magnetic poles, or two electrified bodies. 

This dualistic theory was certainly a most admira- 
ble system, and served the purposes of a rapidly-grow- 

' The word mil was used in chcmialry very early lo deacrilje itny 
Uline Hubalance resemblmg eitemotly common salt; but, noder the 
du&liatic sjEtem, tbc term came to be applied b) that class of compauDda 
Which ware aupposoJ lo be fonned by the union of basic and aoid oxides, 
M described above. Absurdly enough, however, common anil was thua 
tnled out or tbe very olssB of compounds of which it had previously been 
r^arded as the type, and Berzeliua, in his electro-cbemical classiGcatioa, 
node a distinct family of those mbBtanceg which resemble common salt 
tn ibtsi chemical compoeition, and called it the fialnids. But this name 
— bodUt memhling tail — only rendered the anomaly the more gluring, 
and it was always a blemish on the dunlLstla system. In the modem 
chemistry, the word lall, although still U£ed as a descriptive name, baa 
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ing eciesce for more tlian half a eentnry. We now 
feel assured that t!ie old theory undervalued essential 
circumstances, and misinterpreted important facta. We 
maiutaio that hydrogen is an essential, not an accident- 
al constitaent of all acide and all alkalies, and that, 
when the alkali ia neutralized by the acid, the reaction 
consists in the replacement of this hydrogen, and not 
in the direct union of two oxides. Nevertheless, given 
the old feets, the old theory was logical and consistent, 
and it is no longer tenable, not because the old facts 
have changed, but simply because a whole new order 
of facts has been discovered by which the old facts must 
be interpreted. Dui-ing the last twenty-five years there 
has been discovered a great mass of truths, connected 
chiefly with the compounds of carbon, in what was for^ 
merly called the domain of organic chemistry, and this 
is to-day the most prominent and attractive portion of 
our science. Moreover, the law of Avogadro and the 
doctrine of quantivalence are two new principles which 
our modem science has added to the old chemistry, ancl 
these principles have supplanted the dualistic theoiyj 
Let us not, however, undervalue the old theory. It' 
was an important stage in the progress of science, and 
a noble product of human thought. Theories are 
means, not ends ; but they are the appointed means by 
which man may raise himself above the low level 
merely sensuous knowledge to heights where his inl 
Jectual eye ranges over a boundless prospect wl 
it is the special privilege of the student to behol 
What though his vision be not always clear, and 
imagination fill the twilight with deceptive sha] 
which vanish as the light of knowledge dawns ; 
to have enjoyed the intellectual elevation, ia re' 
enough for all his devotion and all his toil. 
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IIavisq, in the previous lectures of tliis course, made 
you familiar with the conception that the molecules of 
every substance have a definite atomic structure, which 
is a legitimate object of scientific investigation, I en- 
deavored in my last lecture to illustrate, by numerous 
examples, the mode now generally employed in chem- 
istry of exhibiting this structure by means of what are 
called structural formulffi, and, during the whole course 
of these lectures, it has been a chief object to develop 
the fimdamental principles on which these formulce are 
based, in order that, having reached this stage, you might 
be able to sec for yourselves that they were legitimately 
deduced from the facts of observation. I have freely ad- 
mitted that they were the expression of theoretical con- 
ceptions which we could not for a moment believe were 
realized in Nature in the concrete forms, which our dia- 
grams embody. But I have claimed that tliey were at 
present our only mode of representing tu the mind a 
large and unportant class of facts, and were to be val- 
ued as the first glimpses of some great, general trutli, 
toward which they direct our investigation. Theories 
are the only lights with which we can penetrate the 
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:nown, and they are to be Talii8d''i 
jnst 60 far as tliej illuminate our path. 
lead investigation is the only true test of any theory, 
and it will be my object in this lecture to show that 
the modem chemical theory of molecular structure has 
a claim to be regarded as one of the moBt valuable aids 
to discovery which science has ever received. 

The illustrations of molecular etnicturc thus far 
studied have been mostly taken from those classes of 
compounds long known in chemistry under the names 
of acide, bases, and salts, and they were eeieeted be- 
canse it was with snch substances that the old theory 
had almost exclusively to deal, and they were therefore 
the best adapted to illustrate the differences between 
the new and the old chemistry. But, as I have already 
said, the strongest evidence in favor of the new theory 
is to be obtained from a class of subatancea about 
which the old chemistry knew almost absolutely noth- 
ing, and whoBQ number has been enormously increased 
during the past twenty-five years. Indeed, the modem 
theory ia so completely the outgrowth of new discov- 
eries that, given alone the old facts, the question be- 
tween the old and the new theories would be at least 
of doubtful issue, even if the new could ever have been 
conceived. The class of substances to which I refer 
are the compounds of the elementary substance cai^ 1 
bon. The number of known compounds of this oue-fl 
element is far greater than that of all the oth«r " 
elements besides, and these compounds exhibit a 
great diversity in their molecular structure, whieli is 
often highly complex. As a rule they consist of a 
very few chemical elements (besides carbon, only hy- 
drogen, oxygen, and nitrogen), but the number of 
atoms united in a single molecule may be veir li 
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ORGANIC COMPOUSDa 

sometimee even exceeding one hundred. Carbon ia 

peculiarly the element of the organic world, for, leav- 
ing out of view the great mass of water which liv- 
ing beings always contain, organized material consiata 
almost exclusively of carbonaceous compounds. Hence 
these substances, with the exception of a few of the 
simplest, were formerly called organic compounds, and 
in works on chemistry they are usually studied to- 
gether imder the head of organic chemistry. It was 
formerly supposed that the great complexity of theso 
eubstances was sustained by what was called the vital 
principle; bnt, although the cause which determines 
the growth of organized beings is still a perfect mys- 
tery, we now know that the materials of which they 
consist are subject to the same laws as mineral mat- 
ter, and the complexity may be traced to the pe- 
culiar qualities of carbon. In like manner the notion 
that these so-called organic substances owed their ori- 
gin to some mysterious energy, which overruled the 
ordinary laws of chemical action, for a long time pre- 
cluded from the mifid of the chemist even the idea 
that they could bo formed in the laboratory by purely 
chemical processes ; so that, although the analysis of 
these compounds was easily effected, the synthesis was 
thought impossible. But within a few years we have 
succeeded in preparing artificially a very large number 
of what were formerly supposed to bo exclusively 
organic products; and not only this, but the processes 
we have discovered are of such general application that 
we now feel we have the same command over the syn- 
thesis of organic, as of mineral substances. The chem- 
ist has never succeeded in forming a single organic cell, 
and the whole process of its growth and development is 
entirely beyond the range of his knowledge; but he 
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has every reason to expect tltat, in the no distant fature, 
he will be able to prepare, in his laboratory, both the 
material of which that cell is faehioned, and the various 
products with which it becomes filled dm'ing life. 

The number of elements which enter into the com- 
position of organic compounds being so restricted, it 
is evident that the immense variety of qualities which 
they present cannot be referred solely to the influence 
of the simple radicals which they contain.' Moreover, 
there appears among these organic substances a most 
remarkable phenomenon, which, although not unknown 
in the mineral kingdom, is peculiarly characteristic 
of these complex compounds of carbon, 
quainted with a largo number of cnsca of two or mop^ 
wholly different substances having exactly the sam 
(roraposition and the same vapor density. Here, i 
example, are two such substances : 

The first, butyric acid, is an oily liquid with whoB^ 
smell we are only too familiar, since, when formed i 
rancid butter, it imparts to this article of our food its 
peculiarly offensive odor. But, though, as the odor 
shows, it must slowly volatilize at the ordinary tem^ 
perature, it does not boil lower than 156° C, and doB| 
not easily inflame. Further, as its name denotes, i 
has the qualities of an acid, reddening litmus-paj 
and causing an effervescence with alkaline carbonates. 

Utterly different from this offensive acid is the sec- 
ond substance, which we call acetic ether, a very Una 
pid liquid, with a pleasant, fruity amell, highly volatile 
boiling at 74° and inflaming with the greatest easl 
Notice, also, that it does not in the least affect ( 
colors of these sensitive vegetable dyes. 

Yet, butyric acid and acetic ether have exactly t 
■ Oompore pages 213 and 293. 
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THE QUESTION STATED. 

same composition, and the same vapor density. The 
results both of actual chemical analysis and of the 
determination of vapor density are given in this dia^ 
gram, and the figures obtained in the two cases do 
not differ more than we should expect the results of 
different aualysea of the same substances to differ ; for 
it must be remembered that, in such experimental 
work, we can only attain a certain degree of accuracy, 
and that we may disregard all variations which are 
within the limit of probable error : 



Anali/iet of Imi 

By GrElDEVAlg, 

Batjrio Acid — 

Carbon B4.61 

Hydrogen 8.26 

Oxygen 86.38 

IM.OO 

ByCthoiirt. 

Sp.Gr 44.3 

Molec. weight 88.0 



ic Compoundt. 

By Ueblg. 

Acetic Etlier — 

Carbon 54.47 

Hydrogen 9.6T 

Osygen 35.86 

100.00 

By B«ulby sad Duinu. 

Sp. Gr 44.1 

Molec. weight 88.0 



If, now, from these experimental results, we come 
to calculate the symbols of the two substances, accord- 
ing to the method I have so fully described, we shall 
obtain in both cases precisely the same formula, CIIsO,, 
and it must, therefore, be that the molecules of these 
two substances contain the same number of atoms of 
the same three elements, carbon, hydrogen, and oxygen. 
Here, tlien, we como face to face with a most remarkable 
fact. For, to afiirm no more than can be absolutely 
demonstrated, this pleasant odor of apples and this dis- 
gusting smell of rancid butter come from substances 
consisting of the same elements united in the same 
proportions. What, then, can be the cause of the dif- 
ibreacet We cannot allow such a fundamental lact 
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this to pass imcbftUenged. It is evident that there 
an a II- important condition which has escaped our 
mentary analyBis. The circumstances demand investi- 
gation, and it would be a disgrace to our science not to 
attempt to answer the question. Can you wonder, 
then, that, for the past ten years, a gi-cat part of t! 
intellectual force of the chemists of the world has beei 
applied to the problem, and in this course of lectorea 
have been endeavoring to present to you the result 
they have reached. The answer they have obtained 
is, that the difference of qualities depends on molecu- 
lar etnieture, and that the same atoms arranged in a 
different order may form molecules of different sub- 
Btauces having wholly different qualities. But they 
have gained more than this general result, 

These isomeric compounds, as we call them, when 
acted on by chemical agents, brealc up in very different, 
ways, and, by studying the resulting reactions, we ai 
frequently able to infer that certain groups of atoi 
(or compound radicals) are present in the componnds,! 
because we laiow that they exist in the products which 
these compounds respectively yield 
the structure of these very radicals probably depending,, 
on yet other reactions, by whicli they again may be 
solved into still simpler groups. 

Thus, for example, if we act on acetic ether wil 
potasaic' hydrate, we obtain two products, potassie aci 
tate and common alcohol. Now, we know that alcoh( 
Las the symbol CjHj-O-II and contains the radical' 
OjHa, which we call ethyl. Further, we know that 
potassie acetate has the symbol K-0-(CjH30) and con- 
tains the radical CjHsO, which we call acetyl. Hence 
we infer that the ether contains both of these groups, 
and that its symbol must be C2IIb-0-CjHbO. The reao- 
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tion obtained with potassie hydrate is, then, seen to 
consist in a simple metathesis between K and CjTIj. 



C.n.-0-C,H,0 



[ K-0-C=H,0 

] Polflsatc AcclnW. 

1 c,n.-o-n 

V AkaboL 



Passing next to the radical ethyl C,Hb, we can show 
that it may be formed iu a £!ompoimd which contains 
the radical OH3, called methyl, by Bubstituting for one 
of the hydrogen-atoms of this radical another group of 
the atoms OH3, thus : 



Ftnt Methyl Compmind. 



id Methyl ConipoUDd. 



n-Y 

tlf droevii Conipa 



In this assumed reaction the terminal hydrogen- 
atom of the first methyl compound changes place with 
the methyl radical of the second, thus producing the 
compounds in the second column. Such a reaction can 
actually be produced witli a variety of substances, and 
these symbols may be supposed to stand for any of the 
substances between which the reaction is possible. We 
use X and T, instead of writing the symbols of definite 
compounds, in order to confine the attention to the 
change which takes place in the radical alone. 

In reactions of this kind we form the radical ethyl 
in such a way as to leave no doubt whatever in regard 
to its structure, and in a precisely similar way we 
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worked out tlie structure of acetyl. We represent t 
Etmctui'e ill the two cases thus : 

II a on 

H-C-6- -0-0-H 

H TI H 

EUiyl. AcotyL 

nence we coneludo that the Btrnctiire of a moleea] 
of acetic ether eliould be represented sb follows : 

H H on 

H-0-O-O-O-O-H 

HE H 



Moreover, Bince we are led to the same result, whether 
we study the reactions by which the ether may be pre- 
pared or those by which it may be decomposed, we feel 
t^eat confidence in our result. 

If, now, we act on butyric acid, the isomer of acetic 
ether, with potassic hydrate, the eame reagent as before, 
we obtain wholly diiferent products. They are potas- 
sic butyrato and water; and here the knowledge of 
acids, bases, and salts, which we obtained at the last 
lecture, comes in to help ue interpret the reaction, 
must be simply as follows : 



no-n 



Evidently, then, butyric acid, instead of containing the 
two radicals OjHs and CjHjO, like acetic ether, contains 
the more complex radical C^H^O, and the simple radi- 
cal H. 

But, although the last reaction shows that butyric 
acid contains the radical G,B.iO, it gives ne no iirfc 
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mation in regard to the grouping of the atoms in the 
ra<iieal. Of course, we have sought to discover what 
the structure is, and the result of the investigation is 
most remarkable, for it appears that there are two dif- 
ferent radicals having the same composition and corre- 
sponding to two distinct varieties of butyric acid, which 
differ in their odor, their boiling-point, and other quali- 
ties, and, further, various reactions show that the atoms 
of the radicals are arranged ia the two acids as the fol- 
lowing formulai indicate : 



H 
O H-O-H 



H-0-O-O-O-O-H 

H IT ri 

Narnul Butyric Acid. 
(Prep&Fed (Tom batlsT oc by furmentatloDj 



H-0- 



|A produM of aj-ntlicela.) 

There are, therefore, at least three substances having 
the composition C,HbOj. 

Now, by studying in a similar wny the whole scheme 
of carbon compounds, and connecting by reactions the 
more complex with the simpler, it has been found pos- 
sible, in a very large number of instances, to deter- 
mine the manner in which tlie atoms are grouped in 
the respective molecules, and thus to show what the 
variations of structure are which determine the differ- 
ence of qualities in these isomeric bodies. Moreover, 
having discovered how the atoms are grouped, it has 
been found possible, in many eases, to reproduce the com- 
pounds ; and, more than this, chemists have frequently 
been led to the discovery of wholly new bodies, isomeric 
with old compounds, by studying the possible variations 
of the structural symbol. This last fact has such an im- 
portant bearing on our subject, tending greatly to sub- 



stantiate tlie general truth of our tbeory of moleoi 
Btructure, that a lew illaBtratioiis will be interestui)^ 
One of these we have already seen, for the ieomeric 
modification of butyric acid, we have just been dis- 
cussing, was foreseen by theory before it was discov- 
ered, and it is, therefore, an example in pomt, bnt 
tiiere are many other eaeea of the kind which are 
equally remarkable. 

Butyric aeid is the fourth body in that serieB 
volatile acids before mentioned (page 308), of wl 
formic and acetic acide are the first and second mem- 
bers. It was then said that the molecules of these acida 
inereafio in weight by auecessive additions of CH, as 
we descend in the series, and it has been shown sii 

H H 
(page 327), that the radical ethyl, -O-O-H, 

11 n 



derived from methyl, - C - II, by replacing the termini 



H by another methyl group. 

II H 
process repeated on 



It is obvious that t 

H n H 

H would give -0-0-0-^ 
H H 



and that the result of sncceesive replacements of the 
same kind would be a series of hydrocarbon radicals 
difl"ering from eaeli other by CHj like the volatile acida 
mentioned above. Fnrtherraore, it is equally obvious 
that, theoretically at least, the same process might be 
applied to any compound containing a hydrocarbon 
radical ; and you will not be surprised, therefore, to 
learn that there are many scries of carbon compounds, 
between whose members we find this same cotnmoD 
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difference. Bodies eo related are said to be the homo- 
logaes of each other ; and of these homologous series, 
so called, no one has been more carefdlly studied than 
that of the volatile acids, of which nineteen members 
are known. 

Now, it is obvions that, as the hydrocarbon radical 
in the series of volatile acids increases in eomplexitr, 
the possibilities of varying the atomic grouping in> 
crease also. Next to butyric acid, CfH^Qt, comes va- 
leric acid, C^^Oj, and, while we had only two butyric 
adds, we can have four valeric acids, whose molecular 
structure is indicated by the following symbols : 



O H H H H 

H-0-C-C-C-C-C-H 

III' 

H H H H 

Vomul Valerie Add 



H 
O H H-C-H 
H-O-C-C C-H 

H n-c-H 

I 
H 



H 

o H-c-n n 



H-O-C 



I 

c 

I 



I 



n-c-n II 

I 

II 

TL2r4 F^rm, 



H 

O n-C-H H H 

1 I II 

H-O-C C C-C-H 

I I i 

n H H 



TVlien the first edition of thiii }xK>k was published, 
only three of thf^: ik^ajUc mollifications of valeric 
acid, pointed out by th('/}ry^ Wl U.-cn described ; but 
the fourth has since W;n di^icoven;/!, and all are now 
known. Examples similar Uf this are 2L\resAj numer- 
ous, and are rapidly multiplying, but I have only time 
to cite one other instance. 



A compound called cyanic elher has long 1 



(0,IU)-0-CzN, 
after the analogy of the other ethers ; 1 
assumed to contain the compound radicals, ethyl, CuHj, 
and cyanogen, CN> united through au atom of oxygen. 
But, as is obvious, we may, without changing the radi- 
cal ethyl, group the other atoms thus : 

(C,H,)-N'^CM>, 
and, on searching for this suhstanee, an isomer of 
supposed cyanic ether was actually obtained, and called 
cyanethohne. Very singularly, however, fiirther inves- 
tigation proved that the new compound was the real 
cyanic ether, and that the old one had the constitution 
represented by the last symbol. Evidently, then, we 
are not infallible ; but the very mistake has been in- 
structive ; for, in detecting and correcting the error, 
we have the more clearly shown that our methods are 
trustworthy. 

I hope I have been able to give some general no 
tions of the manner in which we have obtained our 
knowledge of the grouping of the atoms in the com- 
pounds of carbon. More than this cannot be expected 
in a popular lecture ; for, so interwoven is the web of 
evidence on which the conclusions are based, that, to 
enter into full details in regard to any one of the more 
complex compounds, would be wearisome, and the work 
is much better suited for the study than the le( 
room. Indeed, I fear that I have already imposed 

great a burden on your patience ; but, if you have 

lowed me thus far, you will be interested in some of 
the results which we have reached, and which you are 
now prepared to understand. I must necessarily pra- 
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sent these results as they have been formulated by our 
r theory of atomic bonds ; for, without the aid of these 

formulffi, we cannot either think or talk clearly about 
the subject. 

• The one characteristic of carbon on which the great 
complexity and variety of its compounds depend is, the 
power which its atoms possess of combining among 
I themselves to an almost indefinite extent. As a rule, 

chemical combination tabes place readily only between 
dissimilar atoms. It is true that we have met with 
many examples of the union of similar atoms, as in the 
moleculea of several of tlie elementary gases, like — 

iH-n Cl-Cl 0^0 N:N" 

Hydrogoa Qti. CblorlEe Bw. Oijef n Gaa. NltroBea Gaa. 

So, also, in the compounds — 
:......,.,..,.. 
nary group, which is the radical of the metallic com- 
pound. But, in all these cases, the power of corabina- 
tiou is very limited, admitting the grouping together 
of only a very few atoms at the most, and generally of 
only two. The carbon-atoms, however, not only unite 
with each other in large numbers, but form groups of 
stability, which, in organic compounds, take the 
Lce of the elementary radicals of the mineral king- 
Let us begin, then, by constructing these radi- 



Ol-Fe-Fe-Cl 



Fenia Chloride. 



I and likewise in 
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The carlion -atoms being qnadrivalent, they may 
unite with each other either by one, two, three, or four 
bonds, and the larger the number of bonds which 
aj-e thus closed, the less will evidently bo the com- 
binmg power of the resulting radical. Hence may 
arise radicals like those represented in the diagram 
on the previoiia page. It is evident that this table 
might be extended indefinitely, but the number of 
terms given is sufficient to illustrate tbo simple rela- 
tion between the several radicals thus formed. Each 
group of carbon-atoms can bave a maximum quantiva- 
lence of 2n -H 9 (the letter n denoting the number of 
carbon-atoms in the group), and from this ma.'cimura 
the qoantivalence may fall off by two bonds at a time 
until it is reduced to zero. Thus wo have for the six- 
atom group a maximum of 14 ; but the same group 
may also have a quantivalence of 12, 10, 8, 6, 4, or 3. 

The symbols, however, given in the table do not by 
No. 1. 



-0-0 


O-O-C- -0-0 


0- 




No. a. 


^ 1 




-6-0-0-6- 


0-6-6-6 


8. 

.6- 


4 

V 

\ / s y 





any means exhaust the possibilities of combination 
with the given number of carbon-atoms ; for further 
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variations may be obLiiued by changing the 
position of the atoms while retaining the san 
tivalence. Thus, the radical (Cs)"' maj be confitmcted 
in the several ways ehown in diagram No. 1, and, al- 
though tlie several radicals thns obtained contain the 
eame number of atoms, and have the same quantira- 
lence, they are fundamentally different. The differ- 
ence consists, not in the mere grouping of the letters 
on the page, which is purely arbitrary, but in the 
fact that, while in i no carbon-atom is united with 
more than two others, in *, one of the atoms is united 
with three others, and, in s, witli four. As the num- 
l>er of atoms in the group increases, the number of 
possible variations must necessarily become very great- 
ly augmented. Moreover, when some of the atoms are 
united by double bonds, a variation may be obtained 
by shifting the position of this double bond as well 
as hy varying the position of the atoms with respect 
to each other. This is illustrated by diagram No. 2, 
which shows the possible forms of the group (C4)''''. 
It is unneceBsai-y, however, to multiply illustrationB ; 
for it is evident that a great multitude of radicals may 
be obtained with even a very limited number of car-, 
bon-atoms, and to attempt to exhaust the poBBibiliti 
^\-ould be an endless task. Some of my audience, hoWi 
ever, may he interested to etndy the subject furthi 
and I would, therefore, set them as a problem to 
the number of possible combinations which can 
made with a group of six carbon-atoms, having a qnan- 
tivalence of twelve. Such investigations are not with- 
out their profit ; for, although many of the possibilities 
may not be realized in Nature, yet the practice will 
give a clear idea of what is meant by an essentially dif- 
ferent structure. It may hereafter appear that chanj 
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of position corresponding to the upper and lower, or 
the left and right hand sides of our diagram, constitute 
really essential variations of sti-ucture; but, although 
there are some facta looking in this direction, we do 
not as yet admit that any such differences are of im- 
portance, and we regard any two groups as the same 
when, by any change that does not alter the relative 
order of the atoms, or the number of bonds by which 
they are united, the two can be made to coincide thus ; 

-0- -0- 0-d' 

-0-0-C-i8theBameaB-0-C-C-,and O- the same 
-c.- -b-' ' ^0=0 



88 0, but not the E! 



s as or 



0-C 



I 



The radicals thus formed may be regarded as the skel- 
etons of the organic compounds. These carbon -atoms, 
locked together like so many vertebrEe, form the frame- 
work to which the other elementary atoms are fastened, 
and it is thus that the complex molecular structures, 
of which organized beings consiat, are rendered possi- 
ble ; moreover, when we remember that, while the ele- 
mentary substance carbon is a fixed soUd, the three 
elementary substances, oxygen, hydrogen, and nitro- 
gen, with which it is usually associated, are permanent 
gases, this analogy of the carbon-nucleus to the skele- 
ton of the vertebrate animal becomes still more strik- 
ing. 

Having thus shown how the skeletons may bo 
formed, let us next see how these dry bones may be 
clothed. In order to illustrate fltn point, I ^vill sim- 
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Methylio hydride C H, Qaa. 

Ethjlio hydride O.H, " 

Propylic hydride O.H, " 

Bntylio hydride OiH,. 84° 

Amylio hydride CiHj. 98* 

Hexylic hydride C,H„ 160° 

Hepty lie hydride. C.H,. 208" 

Octylic hydride O.H,, 255° 

Nonylic hydride 0,11,1 804" 

The diagram, atove, gives their names and boiling- 
points. Our eoimnon kerosene is chiefly a mixture 
of hexylie and heptylic hydride, and the light naphthas 
a mixture of amyljc and hexylie hydrides. Notice 
here, again, the common difference, CHj, between the 
symbols of any two consecutiTe members of thifl seriea ^ 
of hydrocarbons. 

If, next, we substitute an atom of oxygen for two 
of the hydrogen-atoms which, in propylic hydride, are 
united to either of the terminal atoms of the carbon- 
nucleus, we obtain a compound called propylic alde- 
hyde. This is a member of another series of homo- 
logues, parallel to the last, and of which nearly as many 
members are known. The aldehydes, as these bodiee 
are all called, have very striking and characteristic qual- 
ities ; and these qualities may be, to a great extent, 
traced to tlieir peculiar molecular structure. If we 
only make so small a change as to transfer the oxygen- 
atom from tho tenninal to one of the central atoms of 
the carbon-nucleus, we obtain a class of compounds 
which, though isomeric with the aldehydes, have wholly 
different qualities, and are called ketones. The ketone 
isomeric with propylic aldehyde is called acetone : 

n H O H H 

H-0-O-O-H B-C-C-6-H 

Tl li H n 

PmpjUc Aliialiyde. Acolono. 
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Going back again to che hydrocarbon, CiHg, an« 
replacing either of the terminal hydrogen-atoms bjfl 
the radical hydrosyl (O-H), we obtain one of a veiya 
important clasa of compoundBj called alcohols, 



H-0-O-O-H 



n-0-c-o-o-n 



HUH H H n 

PropjUc ilydrtde gl™ Fropyllc Alcohol 

Propylic alcohol is the third member of still anothi 
series of homologouB compounds, of which our commc 
alcohol is the second member. 

Sonnal AlcolioU. 

Methylic Bloohol (wood-spirit) H, -O-H 

Ethylic alcohol (common alcotol) 0. Ht -O-H 

Propylio alcohol 0. Ht -O-H 

Biitjlio alcohol C. H, -O-H 

Amylic alcohol (fuael-oil) C. Hn-O-H 

Hexylic alcohol C. Hi.-O-H 

Heptylic alcohol O, Hi.-O-H 

Octjlio alcohol OiH„-0-H 

The structure of the alcohol may obvio 
varied, like that of the aldehyde, by transferring thi 
Lydroxyl from the terminal to one of the central atoi 
of the carbon-nucleus ; but we thus, as before, obtain a 
wholly new set of substances, which, although resem- 
bhng the normal alcohols in many respeete, differ from 
them in important particulars. There is, for esampli 
an isopropylic alcohol, which is isomeric with the noi 
mal propylic alcohol, and, lite it, resembles extemall] 
common alcohol. But the pseudo-alcohol, as we cal 
it, boils at 85° Cent., while the normal alcohol boils 
97°, and, when acted on by chemical agents, yit 
wholly different products : 




H n n 

-O-O-6-i 



n o n 



laoiiropjllc AJcobol. 

Continuing, now, tlois proeess of clotMng the car- 
bon-fikeleton, let ub, in the next place, Bubetitutc for 
two of the hydrogen-atoms of the normal alcohol an 
atom of oxygen, selecting for replacement the two hy- 
drogen-atoma which are connected with that termiual 
carbon-atom to which the hydroxyl is miited ; 
n n n n n o 



n-c-c-o-o- H 



_0-0-0-0-H 



Now, propionic acid is the third member of that ho- 
mologous series of volatile acids of which a partial list 
has already been given (page 808), and of two of whose 
members the possible variations of stmctore have al- 
ready been discussed (pages 328 and 331). 

Again, we may substitute in propionic acid a second 
oxygen-atom for two of the remaining atoms of hydro- 
gen, and we thus obtain a liquid body called pyravie 
acid, a perfectly definite substance, although one with 
which I can give you uo familiar associationB : 
H H H O O 

H-6-0-O-O-H H-0-C-C-O-n 



Propionic Add. PjthtIi! Add. 

The acids and alcohols we have thns far formed 
around our three-atom carbon-nucleus have been all 
monatomic. The atomicity of a compound, you re- 
member, ia determined by the number of atoms of hy- 
drogen which are easily replaced by metnthcsis, and 
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only those atoms of hydrogen can be so replaced which 
are united to the carbon-nucleus through an atom of 
oxygen. Hence, with one hydroxyl group we can only 
produce monatomic compounds. Use two hydroxyl 
groups, and we can form around the same skeleton a 
number of diatomic compounds. The following are a 
few examples. After what has been said, the symbols 
require no detailed description ; but it must be remem- 
bered that the grouping is no play of fancy, and that 
A good reason can be given for the position of every 
letter : 

II H H H H n 

H-0-6-6-0-0-H H-0-C-C-C-H 

III III 
H H H H O H 

Normal Propyl GlyooL ' 

H 
Propyl Glycol 

O H H O II H 

H-0-C-O-O-O-H H-0-C-C-C-H 

II II 

H H OH 

Normal Laetic Add. I 

H 

Common lACtic Acid. 

Attach to the nucleus three hydroxyl groups, and there 
result triatomic compounds, among which is a very fa- 
miliar substance : 



H 

1 


1 


H 

1 


H-0-0- 

1 


1 

-0- 

1 


-0-0-H 

1 


1 
H 


1 




1 
H 


1 
H 

Glycerine. 


H H 

r 1 1 

-O-C-O-O-O-H 

1 1 




n 

II 1 II 

H-O-O-O-C-O-H 

1 


1 1 

n 

1 




1 



1 

H 
OfyceitoAdd. 




1 

H 

Tartronic Add. 
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Lastly, replace the throe terminal hydrogen-atoms of 
glycerine by nitryl (NOj), and we meet again an old 
acquaintance : 



N-O 



n H H o 

II H 

O-N-0 



I 



Nltro-glfcsrlDe. 

I think that this last symbol will not now appear to 
you Eo strange as when I first called your attention to 
it a few lecturoa back. It is true that I have not act- 
ually proved that this grouping of tlie letters repre- 
eents the Btructnre of the nitro-glycerine molecule, hut 
I have led you to a point where you are prepared to 
accept it as a definite result of investigation, and can 
feel assured that the proofs await your examination in 
the due course of your study. Ton can now understand 
more clearly than before how it is that, by the struct^ 
ure of the molecule, the oxygon-atoms are kept apart 
from the atoms of carbon and hydrogen for which the 
fire-element has such a strong affinity, and how these 
atoms rush into more stable combinations when the 
delicate balance of forces, on which the structure de- 
pends, is disturbed. 

Yon have now seen what a number of distinct com- 
pounds can be obtained by attaching to one of the very 
simplest of the carbon-nuclei atoms of hydrogen and 
oxygen alone. Almost every commutation we could 
make with these few atoms is actually realized in a defi- 
nite substance. Of course, with the names of many of 
these bodies you have no association. Yon must accept 
tlie assurance tliat they stand for definite substances, 
and that our symbols represent the results of caro- 
fid inve?tig.ition, and, knowing this, you can gain some 
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atoms, Lut I sliall endeavor to sliow that molecules of 
extreme complexity can be built up either by the addi- 
tion of hydrocarbon radicals to the nucleus represented 
in Pig. 32, or by the eoaleascing of two or more of 
these nuclei into one. As I have not time to enter into 
details, the symbols must, to a great extent, be allowed 
to speak for themselves. 

Coal-tar is a mixture of a very large number of eub- 
etances whose boiling-points vary Irom SO" Cent, upward. 
"When the tar is distilled, and the distillate rectified, 
the more volatile product obtained is chiefly a mixture 
of two bydroearboDs— benzol and toluol. This mix- 
ture, the commercial benzol, is used in large quantitiea 
for the preparation of the aniline dyes : 



H n 



n-o o-H 



n n 



-0-0 o-n 



c-o 
I'l n 



When benzol and toluol are treated with strong ni- 



tric acid the products are : 

n n 



n-0 o-N 



H 0-0 O 

n-0-0 c N 



H 0-0 O 



Wlien nitrobenzol and nitrotoluol are acted on by 
nascent hydrogen (in the arts a mixture of iron-filings 
and acetic acid is used), we obtain ; 
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H H 

1 1 




n n 

1 1 


0-0 H 

H-0 0-N 

0-0 H 

1 1 




H 0-0 H 

1 • V 1 

H-0-0 O-N" 
H 0-0 H 

1 1 


1 1 

H U 




1 1 

H H 


Antline, 


or 


Tolaidine. 



When the mixture of aniline and toluidine, obtained 
in the arts from commercial benzol, is treated with 
various oxidizing agents, we obtain salts of 



H H H H 

II II 

N H H N 

HO OHO OH 

I I I fl I 

HO OH 

1/ \^ \i / \^ \i 

H 0-H 

I . , I I 

H ' H H 

H H 

\ / s / 



1 I 



/ \ • \ 

H H 



H-N-H 

Bosaniline. 

« 

Eosaniline is a base like ammonia. As I have before 
stated, when the molecule NH, unites with acids to 
form salts, the quantivalence of the nitrogen-atom ap- 
pears to be increased by two bonds which bind the 
atoms of the acid molecules (see page 268). So, when 
rosaniline combines with acids, the atoms of the acid 
molecule join to one or the other of the nitrogen-atoms 
in the complex molecule of this base. Moreover, as 
there are three of these nitrogen-atoms in the molecule 
of rosaniline, it can bind either one, two, or three mole- 
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I 

I 



iid ; for example, it can unite either with HCl, 
with 2H0], or with 3HC1. Thus, there may be formed 
three classes of salts, and those which contain the Email- 
tst amount of acid are used in the arta aa coloring 
agents. These salts, when erystalJized, have a veiy 
brilhant beetle-like lustre, and yield beautiful roee-red 
fiolntions. They poesesa, moreover, a most wonderful 
coloring power. 

Taking only a few crystals (one grain in weight) of 
the hydrochlorate of rosauiline, called fuchsine in cora- 
meree, and, first rubbing them np in a mortar with 
some alcohol, I will pour the concentrated solution into 
a large glass jar, holding two gallons of water, and you 
see that this very small quantity of dye shows a brilliant 
red color even when diflnsed through the great body 
of liquid. By combining the base with different acida 
we obtain only slight differences of tints, but very 
marked alterations of color can bo produced in another 
way. 

By recurring to the symbol of rosaniline, it will be 
eeen that there are six hydrogen-atoms directly united 
to the three atoms of nitrogen which the radical con- 
tains. Now, it is possible to replace either one, two, 
or three of these hydrogen-atoms by various hydro- 
carbon radicals ; such as — 

-OH, -c,n. -o.n,; 

Oetkjl, Elbfl, or PheajL 

and we thus obtain other bases whose salts are violet 
or blue, the blue tint increasing with the, degree of 
replacement. I have in those five jars solutions of 
some of these salts, the aniline violets of commerce, 
and they will illustrate to you the gradations of color 
we can obtain by the replacements I have described, 
^^^g the leas volatile products of the distillation 
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of coal-tar is the compound called phenol or carbolic 
acid, which is so much used as an antiseptic agent. 
Here is its symbol, and also the symbol of another com- 
pound, which has an atom of nitrogen in its carbon 
skeleton, but which otherwise has a structure similar to 
that of phenol, and is derived from a similar source : 



H 

1 


H 

1 


H H 

\ • \ / 



1 



/ s / \ 

H H 

1 


H H 

\ / \ y 



R 1 



/ \ • \ 

n N H 


1 



1 




1 
II 





Phenol Pyridine. 

Associated with pyridine, among the products of 
the destructive distillation not only of coal-tar but also 
of the natural alkaloids and other complex compounds 
of nitrogen, is another remarkable compound whose 
framework may be regarded as formed by a coalescing 
of the phenol and pyridine rings : 



H n 

n H 

\ • \ / \ / 

coo 

i I I 



/ % / \ • \ 

H N H 
H 

QninQline. 



The salts of this artificial base quinoline have 
part at least the valuable medicinal qualities of those 
quinine, and it is hoped may replace it in pharmai 
moreover, since both quinoline and pyridine are 
chief products of the decomposition of quinine, we 1: 
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reason to expect tliat before long we shall be able to 
reverse the destmctive change, and prepare artificially 
the natural alkaloid itself, which of all the medicinal 
agents which Nature produces ia probablj the most 
valuable to man. Further, while the salts of quinoline 
have the medicinal qnahties referred to, those of pyri- 
dine are poisonous, and the salts of quinine appear to 
owe their medicinal power to their relations to quino- 
line, while the unpleasant accompanying effects seem 
to be related to pyridine. Hence, it is possible that art 
may here excel Nature, and give ub a febrifuge with 
all the power of quinine, without its poisouous quali- 
ties. 

But passing from predictions to actual achievements, 
let me next call your attention to the graphic symbol 
of naphthaline, one of the least volatile products obtained 
in the distillation of coal-tar, and whose molecule ap- 
pears to be formed by the coalescing of two molecules 
of benzol: 




n H 



E 



u u 

Nspbtlulloo, 

This body yields a very large number of derivatives 
I having the same general structure, some of wliich have 
I such a deep color that they can be used as dyes. 

Associated with naphthaline in coal-tar is a still !?ss 
volatile hydrocarbon, called anthracene, which may be 
regarded as formed by the coalescing of three molecules 
of benzol : 
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H H 

I I I 

H H H 

Aothracene. 

From anthracene has been derived a remarkable 
compound called anthraquinone, whose molecule, as 
you will notice, contains two atoms of oxygen in place 
of the two atoms of hydrogen which in the molecule 
of anthracene are united to the two carbon-atoms of 
the middle group. 

H O H 

I R I 

HOOCH 
\^\/\/\/ 

COCO 

1 B I I 



/%/\/\^\ 

HOOCH 

I II 

H O H 

Anthraquinozie. 

Lastly, from anthraquinone, the following products 
have been obtained : 

H 
HOC H 

H O 

\^\/\/\/ 



1 I I I 



_/ % / \ / \ • \ 

H H 
H i H 

Alizarina 



^B brings us to one of the ktest and moBt note- 
wortbj results of oor science. Alizarine and purp\irine, 
but chiefly alizarine, are the coloring principles of the 
madder-root, which has long been the cliief dyestiiff 
UBcd in printing calicoes. But, although the Bubject 
had been most carefully investigated, tliero was for 
many years a question in regard to the exact composi- 
tion of these Eubstancee. 

Shortly before the first edition of this book was 
published, Graebe, a German chemist, while invcstigat 
ing a class of compounds called the quinones, determined 
incidentally the molecular atmcture of a body closely 
resembling alizarine, which had been discovered several 
years before. This body was derived from naphthaline, 
and, like many similar derivatives, was reduced back to 
naphthaline when heated with zinc-dust. This eireum- 
Gtance led the chemist to heat also madder-alizarine 
with zinc-duet, when, to his surprise, he obtained an- 
thracene. Of course, tlie inference was at once drawn 
that alizarine must have the same relation to anthracene 
that the allied coloring-matter bore to naphthaline, and, 
more than this, it was also inferred that tlio same chemi- 
cal processes which produced the coloring-matter from 
jiaphthaliue, when applied to anthracene, would i 
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alizarine. Tlie resalt fully answered thi 
tions, and now alizarine is mannfactnred on a large 
scale from the anthracene obtained from coal-tar, and, 
eingularly enough, the artificial alizarine, like the nat- 
ural, IB mixed with more or less purpnrine, wliich Eome- 
what modifies its color. 

Here are two pieces of cloth, one printed with 
madder and one with artificial alizarine, and it would 
require a practised eye to distingnish between them. 
It is tme, nevertheless, that the artificial alizarine, as 
now manufactured, is not identical with the madder- 
dye. The same substance, alizarine, is tho chief con- 
stituent in both cases, but there is a difference in the 
by-products which become mixed with the alizarine in 
the process of manufacture. We h&ve already said that 
alizarine is accompanied by pnrpnrine, both in the 
madder-root and in the artificial product ; but the struc- 
tnral formula, before given, represents the constitution 
of madder-purpurine only. This substance differs from 
alizarine in containing a third hydroxyl (— 0~H) group, 
and it will be noticed that the three hydroxy! groups 
are represented in our symbol as on the same end-ring. 
Mixed with the artificial alizarine, there are several 
varieties of purpurine, and these differ from the madder- 
purpurine, as well as from each other, in that the hy- 
droxy! groups are differently disposed, not always on tlJe 
same ring. In consequence of certain varieties of color, 
caused by the presence of tlicse isomeric conditions of 
purpurine, the artificial alizarine is in some respects a 
superior dye to madder itself. It is also true that all the 
theoretical considerations wliich led Graebe to the dis- 
covery have not proved to be correct, and that the process 
of manufacture now employed is quite different in its de- 
'ails from that which lie invented. Nevertheless, the 
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eral features of the process are the eame ; and tliere is 
no question that an artificial product which consista 
chiefly of alizarine, and has to a great extent replaced 
the madder-root in calico-printing, is now mannfaetured 
hy a method which was first pointed out by theoretical 
science. 

This certainly is a most remarkable achievement. 
A highly complex organic product has been actually 
constructed by following out the indications of its mo- 
lecular structure, which the study of its reactions, and 
those of allied compounds, had furnished. It is a re- 
sult that all can appreciate, and wiiich the world will 
accept as the most trustworthy credential that the molec- 
nlar theory of chemistry could offer. The circumstance 
that this substance ia the important madder-dye, and 
that tlie new process has a great commercial value, of 
course, really adds nothing to the force of tlie evidence 
in favor of the theory. To the scientific mind the evi- 
dcnee of any one of htindreds of substances which have 
been constructed in a similar way, but of which the 
world at large has never heard, is equally conclusive.' 

Still, we have great reason to rejoice that this is one 
of the few instances where purely theoretical study has 
been unexpectedly crowned with great practical restdts. 
' The ajDibcHil of indi'tnitine, the coloring principle of indigo, which 
ha3 since been msda by Baejvr, of Uimich, ia as remarkable a result as 
the synthesis of oliiuine, and tho proueBB ia rapidly becoming of equal 
comniFprciiil iniportance. llorcorer, the [ntuiuFu:ttire of the <nl of bitter 
olmonJa and of Balicylie acid, from the products of the didlillftilon of 
coal-tar. and of TaniltlDe, the finToriog principle of vinilla, from the inner 
bark of ihe pine-tree, ire alroair vell-eBlablialied induatriee. The oil of 
bitter almonds, which was formerly only known as a vesctublc proJuct. 
ia the Etarling-point, not only in the prrparatiaa of indigotlnc, but also 
of many brilliaLnl dyeBtulTa ; and the manufacture of these and of ribdj 
other coloring mnlerialn are all mosi remarkable eiamples of tho benefits 
derived by the useful arte from Ibe ctaiilu of ihMinitlfta) acleoci!. 
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Let us accept the gift with gratitude, and pay due honor 
1 to those through whose exertions it has been received. 

Let us remember, however, that it came as a free gift, 
I and that the result was achieved by men who, with 

] single-hearted zeal, worked solely to extend knowledge. 

' Forget not, then, to encourage those who are devoting 

i their lives to the same noble service, and have the 

i manly courage to sow the seed whose harvest they can 

never hope to reap. Honor those who seek Knowledge 
for her own sake, and remember that they are the great 
heroes of the world, who work in faith, and leave the 
result with God I 






THEBMO-CnEMISTBT, 

IhrErNG these lectnres I trust we have heeome £a- 
loiliar with certain fuadamental conceptions of chemi- 
cal science : 1. That every Bobstance is an aggregate of 
similar particles called molecules, in which its qualities 
inliere. 2. That excepting in a few cases, where the 
molecules are apparently indivisible, every molecule is 
a Byetem of minute bodies hitherto undivided, called 
atoms, which are held together by what appear to be 
polar forces. 3. That the relations of different mole- 
cules are deteiToined, not only by the natnro of their 
atoms, bat also by their etracture, wliich may be more 
or less stable. 

In studying the etability of molecules, we most dis- 
tinguish between stability of Btmcture and stability of 
association. Many molecules, like those of coal or of 
iron, which are exceedingly stable in structure, become 
highly unstable through their aESOciation with the oxy- 
gen-molecules of oar atmosphere. In studying stability 
of structure, we have only to consider the tendency of a 
Biibstance to undergo spontaneously chemical change un- 
der the influence of concussion, heat, light, electricity, 
or other agents ; ' " ' " ""^dying stability of associa- 
tion, we have to 'endenciee to change is 






concDirenoe with oMier substances, and eepeciallj i 
contact wttb the atuioepbere. Of course, in the largest 
eenee, the problem of Etability of aeeociatioD is as broad 
as the science of chemiiitry ; for all chemical changes 
not spontaneous are indnced by the natural or artificial 
afisociatioQ of differeut materials under vaTjlng condi- 
tions. But, if we limit our regards to the stability of 
natural substances at the surface of the earth, we have 
chiefly to consider them in their association with water 
or air. As the tendency of Nature must necessarily be 
to the state of most stable equilibrium, we slionld ex- 
pect to find the crust of the earth consisting of the 
most stable substances under the existing associations, 
and, in fact, tlie rocks, the earths, the metallic osides, 
water, carbonic dio.\ide, and nitrogen gas, are among 
the most stable substances known, and their degree of 
stability is shown by tlie great amount of energy which 
is required to decompose them, or to induce them to ea- 
ter into chemical changes with other substances. Still, 
by various processes, we have succeeded in building np 
molecules of a more or less unstable structure, and also 
such as have a very strong tendency to react on water 
or oxygen gas, and wliicb, therefore, are in a more or 
less unstable association in the atmosphere. Moreover, 
under the influeDce of the sun's rays, such products are 
constantly being formed in the growing animals and 
plants, and oxygen gas, with its powerful affinities, is 
being stored in the atmosphere. But, with all such un- 
stable products, there is a constant tendency to revert to 
the stable condition, and, while the explosion of iodide 
of nitrogen or of nitro-glycerine are striking examples of 
this tendency, where the instability arises from strnctnre, 
the ordinary phenomena of combustion are equally strik- 
ing- examples where the instability arises from associatii 
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,t once to be tnie in these 
conspicnoos illustrations is universally true, namely, 
that the falling back from a less stable to a more stable 
condition is always attended with the evolution of heat, 
■whether the change results from the spontaneous de- 
compoeition of a single complex compound, or from the 
conearrence of several in a chemical reaction. Bat 
here, as elsewhere in Nature, action and reaction must 
always be equal and opposite, and hence — even if we 
could not prove it to be true by the most conclusive 
evidence — we might confidently assume that, through 
whatever series of chemical changes these unstable prod- 
ucts may have been formed, an equal amount of heat or 
an equivalent amount of some other mode of energy 
must have, for the time being, disappeared. We have 
already caught a glimpse of this general truth in study- 
ing the relations of the grand phenomena of combustion 
to the sun. When wood bums, the chemical process 
involves a falling back from a material unstable through 
association with the oxygen of the atmosphere to the 
Btable products, carbonic dioxide and water. The heat 
evolved is the effect of this fall, and this beat is the 
exact measure of the energy exerted by the sun in the 
growth of the wood. Most of the products of organic 
life, while unstable from their close association with the 
atmosphere, are equally unstable from their structure. 
In the processes of fermentation and putrefaction these 
products fall into nioro stable materials; and in like 
manner the heat evolved in these processes ie simply 
the measure of the sun'a energy, which disappears in 
the production of such substaQces as starch, albumen, 
or gluten, in the growing plant. 

Confining our attention for a moment to the less 
pigg oomiition of instability from structure, we 
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mj cocDpAre the etrnctore of a molecale to tbe « 
ore of a bnUdiDg. Like the nralecules the erectjons^ 
mui preae&t everj gradatioD of etabUity, from that cd 
the pynauda to that of a lofty vide-epreading Gothic 
arch whoee pennaneace depends on its key-etooe and 
bnttreeeee, which may be compared to the muttiralent 
atoms holding together the parte of a molecule (com- 
pare page 274), When tbe key-atone cmmbles or the 
battreeseB fail, the stones fall to a more stable poeition on 
the Borface of the earth, and in thia fall heat is devel- 
oped. Id like manner, when from any cause the atomic 
clamps of the molecules are displaced, the atoms rush 
into more stable combinations and beat is set free as 
before ; the polar attractiona of the atoms thns produc- 
ing effects similar to the familiar phenomena of gravi- 
tation. The parallelism between tbe two cases la very 
etriking, and the well-known mechaDical principles in- 
volved in the building and ruin of an edifice will help 
ua to understand the similar although much more ob- 
scnre phenomena in chemistry. As in building an 
edifice the same amount of energy must have been ex- 
pended in raising the stones that was exhibited in their 
fall, BO also an amount of energy must have been used 
to form tbe molecnle equal to the heat set free in its 
de com position. Again, as the same total energy must 
be used to lift each granite block, whether niised in 
successive stages or all at once, eo the amount of en- 
ergy required to form a molecule is the same, whether 
it be formed in a single reaction or by a eircuitons 
process ; and, on the other hand, the amount of heat 
evolved is the same, whether the molecule springs back 
to the most stable materials at one bound, as in the 
case of nitro-glycerine, or in a succession of stages, as 
in the processes of organic decomposition. Lastly, as 
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in the fall of an edifice, the amount of heat produced will 
be proportional to the total fall, and will be at a maxi- 
mum when tlie stones have reached the lowest possible 
position, Eo, also, in the case of molecules, the amonnt 
of heat evolved becomes a measure of the degree of 
Btahility attained; and as the tendency is always to the 
greatest stabiHty, it is also to those producta which will 
determine the maximum evolution of heat. 

This last result is found not only to be true in the 
case of isolated molecules of unstable structure which 
we can so perfectly compare with an edifice, but also 
in the caeo of associated molecules where the iUustra- 
tion has not the same obvious application, and thus we 
arrive at the most recent great generalization of chem- 
istry: 

In. all cases of chemical change, the tendency is to 
those produda whose formation will determine the 
greatest evolution of heat. 

Ton will realize the importance of tliis generaliza- 
tion if you reflect that it gives us the means of predict- 
ing the order and results of any chemical change in* 
volving known factors, in all cases where the amounts 
of heat that would be evolved in all the probable com- 
binations of the atoms are also known : for, in every 
case, those products will result which will determine the 
maximum evolution of heat. The ability to make such 
predictions ie the highest aim of science. It is the 
boast of astronomy that it can predict the occurrence 
of un eclipse, and, in some cases, even the return of a 
comet. It is the boast of optics that it did predict the 
phenomena of conical refraction; and it would be a very 
great triumph for chemistry if it could predict the order 
and products of a chemicd change under all possible 
:iatioD of materials or of circtim- 
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stances. The important generalization we have stated 
and illoatrated enables ns in part to do thia, and you. 
can therefore understand our anxiety to fulfill the con- 
ditionfl under which alone such predictions become poa- 
sible. Moreover, the law we have discovered explains 
chemical phenomena in the same sense that the law of 
gravitation explains celestial phenomena, or the undu- 
latory theory explaiua the phenomena of optics, indeed 
BO far as physical science can explain any natural phe- 
nomena. 

In order, then, to explain chemical processes and 
predict their results, it has been a chief object of re- 
cent investigation to determine the Aeat of forviatwn 
of all substances, so that we shall be able to know in 
the case of any association of materials what products 
will give the greatest evolution of that form of energy. 
But, obviously, in order to determine the boat of forma- 
tion of BuLstances, we must begin with some materials 
as our basis, and there is one class of substances, namely, 
the elementary substances, from which all other sub- 
Btances can be produced. It is natural, therefore, to 
take the seventy or more elementary substances as the 
basis required. Here, however, a ditSculty arises, since 
the molecules of some of the elementary substances are 
already in a very stable condition. This is conspien- 
ously true of the molecules of nitrogen gas. This sub- 
stance, although elementary, is remarkable for its very 
great inertness. There are only a very few chemical 
agents which will act upon it, and it is evident that the 
two atoms of which each of ite molecules consists (N— N) 
are held together with great force. 

Could we begin with dissociated atoms, the prob- 
Ic-n we have proposed would be a miich simpler one. 
The union of these atoms to form molecules would be 
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'in every casQ attended with evolution of heat, and the 
different amounts evolved would be ail positive qaanti- 
ties, and all directly comparable. But beginning with 
molecules o£ elementaiy substances, the formation of 
other molecules may or may not be attended with the 
evolution of heat, and often heat is absorbed. The 
atoms of which the molecules of the elementary snb- 
Btances coneiat must be drawn apart before they can form 
new molecular groups, and the resulting thermal effect 
will depend on whether the amount of heat absorbed at 
the parting is greater or less than that evolved at the 
new union. If it requires a lai^r amount of heat to 
part the atoms of the molecules of the elementary sub- 
etanees than that produced by the subsequent union of 
the atoms to form the molecules of the compounds re- 
6ulting, then the total effect will be an absorption of heat, 
and the formation of such compounds from elementary 
substances always involves a loss of energy in tlie form 
of beat. This is especially true of the compounds of 
nitrogen, for nitrogen gas is a more stable substance 
than most of the compounds containing this element. 
In most cases, however, the formation of a compound 
body from elementary substances is attended with the 
evolution of heat, and thns we come to classify chemical 
compounds into earofhermaita compounds, whose heat of 
formation ie a positive quantity, and endoihermous com- 
pounds, whose heat of formation is negative. 

It must always be kept in mind, while discueeing 
this subject, that the classification of chemical com- 
pounds as exotberraoua and endothermous has refer- 
ence solely to the actual elementaiy substances out of 
which the compound may bo supposed in the last analy- 
sis to have been formed. Thus water ie an exother- 
mous body. Eighteen grammes of watflr may be re- 
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garded as formed from 2 grammes of hydrogen gae and 
16 grammes of oxygen g»e, and it has l>een fonnd by ex- 
perimctit that, in forming this arooant of liquid water 
from the amounts of hydrogen and oxygen gases just 
Btated, G1>,0'X) units of heat are evolced. In like manner 
sulphuric acid is an exothermons compound. The sym- 
bol which represents its composition (H,SO,) expresses 
the fact that 93 grammes of the compotmd contain 3 
grammes of hydrogen, 32 grammes of sulphnr, and- j' 
grammes of oxygen : 



H,SO. = 93 

and although sulphuric acid cannot be formed by the 
direct union of these three elementary snbataneee, Btill 
it can be indirectly formed from them, and in the last 
analysis must be referred to them. Now, it has been 
found that the ultimate production of liquid oil of vit- 
riol from roll-brimstone, hydrogen gas, and oxygen gaa 
(all, it must be noticed, definite Enhstances which can be 
handled and weighed), involves the evolution of 193,000 
nnite of heat for every 98 grammes of acid formed. 
Again, on the other hand, nitrous oxide (N,0, page 198) 
is an endotherraouB compound, which, although it can- 
not be formed by the direct union of oxygen and nitro- 
gen gases, is referred to them in these problems, and it 
has been determined that, in passing from 28 grammes 
of nitrogen gas and 16 grammes of oxygen gas to 44 
grammes of nitrous oxide gas through the various cir- 
cuitous processes required for the production of this com- 
pound, 18,000 units of heat disappear. The heat of 
formation of nitrous oxide is therefore negative, and 
is expressed as — 18,000. 
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r For convenience the heat of formation in all eaaea 
is referred to the molecular weight taken as so many 
grammes, thus : ♦ 

69,000 nnits ia the beat of formation of 18 grammes HiO. 
L 193,000 " " " B8 " H,SO, 

■ ^18,000 " " " 44 " N,0, 

and in every case the quantity given is the amount of 
Leat evolved in the assumed production of the compound 
from the amounts of the several elementary substances 
indicated by the symbols, assuming that the molecular 
and atomic weights arc referred to the gramme as the 
unit. 

In thus taking the elementary substances as oar basis 
(of reference, we must further assume that these sub- 
are in a certain definite condition — carbon, for 
sxample, as diamond ; sulphur in its natural crystals ; oxy- 
^n, hydrogen, and nitrogen, in their familiar condition 
Pof gas. Thus, nothing is left indefinite about our prob- 
lem. The aymhol of a compound stands for a certain 
molecular weight, consisting of equally definite weights 
of the several atoms of which the molecule consists. 

I This molecular weight may be referred, of course, to 
»ny unit we please, and in our problem of thermo-cbem- 
btry wo make the unit a gramme. In Uke manner the 
Weights of the several kinds of atoms we interpret as so 
biany grammes of the corresponding elementary sub- 
Gtance in a definite state, and the quantity of heat 
evolved, positive or negative, is that which results from 
the passing of so many grammes of the elementary sub- 
stances into so many grammes of the compound by vari- 
ons processes usually more or leas circuitous. Conld we 
begin with dissociated atoms, we should avoid, ae has 
been said, negative signs, and our calculations would be 
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leflB involTed, bnt for mort pmpofles of compariscm oar 
preeent data are saflScient ; only, ms in algebra, we must 
paf careful regard to the signa. 

Having now fully stated the great problem of ther- 
mo-chemistry and its object, we have next to consider 
how practically we can measure the amount of beat 
evolved in the formation of compound substances from 
the elementary substances of which they may be re- 
garded as composed ; and at the very outset the ques- 
tion arises, How do we measure heat ? We have been 
speaking of quantity of heat; what is meant by this 
phrase? We may be assumed to understand what is 
meant by temperature, the condition indicated by the 
thermometer ; but we must be veiy careful not to con- 
found temperature, which is a condition, with quantity 
of heat, which, like any other mode of energy, can be 
measured in conventional units. 

But while the thermometer is no measure of quantity 
of heat, it does give an accurate indication of a condi- 
tion on which such a measure can be based. To raise 
the temperature of a definite quantity of a given mate- 
rial from one definite point to another always requires 
the same quantity of heat. Moreover, while with differ- 
ent substances the amount of heat required to produce 
the same rise of temperature varies very greatly, yet 
with the same substance the amount of heat required is 
exactly proportional to the mass or weight of the mate- 
rial. It is also very closely although not exactly pro- 
portional to the rise of temperature in thermometric 
degrees, and the variation from the exact proportion 
is so slight that it may be neglected, except when the 
increase of temperature is very large or in very refined 
work. Hence we can use the change of temperature of 
a known mass of any substance as a measure of quantity 
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theat. For many reaeona we Lave selected pure water 

■ the standard, and the amount of heat required to raise 
■le temperature of one gramme of water from 0* to 

" centigrade we call a uuit of heat, and wo name this 
a calor. Quantity of heat is then measured by the 

reight of water and the temperature through which 
aised ; and the number of units or calora is 
nind in any case by multiplying the weight of water 

A grammeH by the number of centigrade degrees which 
:s the rise of temperature. Thus, if 1,200 grammes 

f water were raised 5° C, we know that 6,000 imite of 
}at or calore have entered tho water. 
We have now a standard with which we can com- 
pare the quantities of heat required to raise the temperor 
ture of one gramme of other substances 1°, and these 
quantities are what we call the specific heat of the sev- 
eral substances. We have already, on page 148, given a 
table of tho specific heats of the elementary substances, 
and discussed the remarkable relation between these 
specific heats and the atomic weight. Recurring to this 
table, allow me again to ask yon to notice that iJie nnm- 
bers in each case give the fraction of a unit of heat re- 
quired to raise the temperature of one gramme, one Itilo- 
grarame, or one pound of the substance 1° according to 
the unit of weight we adopt ; and notice how much less is 
required for the metals of which our chemical vessels are 
made than for water. In the case of platinum it only 
requires igjn of a unit of heat to raise the temperature 
of one grammo 1* ; and hence, assuming that the tem- 
perature of a vessel of platinum weighing 200 grammes 
and holding 1,000 ^mmes of water were raised 5", the 
platinum would only receive 33 nnita of heat, while the 
water receives 5,000. This circumBtance is of great im- 
portance in measuring quantities of heat ; for, of course, 
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reloeity, represents one metre-gramme of energy. If 

" B velocity is in any way arrested, this energy appears 

I heat. AsETime that we wind up the weight of a 

Hoek weighing 1,000 grammes. Through one metre 

■re expend 1,000 metre-grammes of energy, and as this 

mns down this amount of energy reappears 

D giving motion to the trains of wheels ; bat if, instead 
E acting on the clock, wo cause the weight to act on 

lome form of friction-brake, and bo arrange the press- 
ppre on the brake that the weight, having lost all its 
velocity, should come to rest after falling one metre, 
then, as we know, the thoaeand metre-grammes woold 
all be converted into heat; and if our brake was ira- 
mersed in water whose weight, as well as that of the 
containing vessel and of all parts of the macliinery in 
contact with the water, were known, we could easily 
calculate from the rise of temperature the number of 
units of heat evolved. Such measnrements as these 
have been made with the greatest accuracy ; and it ap- 
pears, both from the experiments of Joule, of Manches- 
ter, and from the more recent experimentB of Rowland, 
of Baltimore, that one unit of heat ia the equivalent of 
423 metre-grammes, or is represented by a ball weigh- 
ing one gramme moving with the velocity of 91 metres 
a second. 

Returning, now, to the problem of measuring the 
heat of chemical action, let me call your attention to the 
great simplicity of the apparatus which wc usually em- 
ploy. The most important part of the apparatus is a cy- 
lindrical vessel of platinum holding about 1,000 grammes 
of water, and made as thin, and therefore ae light, as 
circumstances will permit. In this vessel the chemical 
process is conducted, whenever possible in water as a 
iium, and, if this is not possible, then in light veBsels 
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of glass or other material immersed in the water. In 
every case we have to determine accuratel/ the weight 
of the water and also the weight of the voBsels, of the 
thermometer, and of the materials used ; and of these 
last weights we find the eqnivalcut in water by the 
method described above. The rise of temperature, 
which is never allowed to exceed a few degrees, we 
measure with very delicate thermometers, graduated to 
the ■j*5 of a degree, and enabling us to read the temper- 
ature accurately to the -j-J-f of a degree. The result ia 
BO many grammes of water, or its equivalent, raiBed so 
many degrees in temperature by the reaction between 
known weights of materiaL In order that wo may ob- 
serve the full heating efieet, it is obviously important 
that the chemical change shoTild be quickly finished, 
and that during the short time required no heat ehould 
escape from the vessel. To prevent the escape of heat, 
we attempt to insulate the platinum cyhnder as much 
as possible. We stand it first on non-conducting sup- 
ports made of cork, in a somewhat larger cylinder of 
polished silver, which will reflect any radiated heat, 
and in like manner we set the silver cylinder in a still 
larger cylindrical vessel of tinned copper, covered on 
the outside with thick felt, and filled between the walls 
with water. In addition we take care to conduct the 
experiments in a room whose temperature is as nearly- 
constant as possible. But, with all these precautions, 
some heat will escape, and if the experiment continues 
more than a few minutes, we determine the rate of cool- 
ing and make allowance for it. It would be tedioM 
and unnecessary, in this connection, to describe the 
many precautions we are obliged to take in order to 
secure accurate results. Our only object is to describe 
the process, so far as is necessary, to make clear and- ■ 
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peal its general principles. The details neeeesary for 
actual work will be found in the well-known works of 
Berthelot and TbomBen, the two chemiats who by their 
inveatigationa have almost alone developed this whole 
subject of thermo-chemiatry. In tbeee works will also 
be found descriptions of the exceedingly ingenious ap- 
pliances which have been used for measuring the lieat 
of combustion, and of many other chemical procesaea 
which cannot be conducted in the presence of water. 
Still, the general principle is always the eame, and that 
18 to measure the rise of temperature of a known weight 
of water, including the vessels or utensils used, reduced 
to their equivalent in water. 

In spite of all ingenuity, however, the larger num- 
ber of known chemical processes cannot be conducted, 
either with sufficient rapidity, or under siich conditions 
as to make it possible to measure accnrately the thermal 
effect, and it is indeed rarely the case that we can meas- 
ure the heat of formation of a chemical compound in 
a process of direct synthesis or direct analysis. As a 
rule, we are obliged to pass from the elementary sub- 
6tancea to the compound, or from the compound to the 
elementary substances, through a long series of chemical 
reactions ; and, in many instances, very extended chemi- 
cal knowledge, as well as great ingenuity, have been dis- 
played in contriving processes whicli will efEeet the ob- 
ject, and which, at the same time, are compatible with 
tlie conditions of calorimetry. Indeed, in most casee, 
the problems could not have been solved were it not for 
certain general principles which come to our aid, and 
the happy application of these principles is the most 
striking feature of the ingenious processes to which we 
have referred. These principles are only special cases 
»,the far more comprehensive law of the conserva- 



TnERMO-CHEHISTBr. 



awiUree^^H 
TbegeiM^PV 



lion of eDCTgjr, and are ao obvioas that yon ? 
tiize the tratha a& soon as they are stated. The g 
law, as applied to thermo-chemistty, may be stated thus : 
WheneTXr a tyitem of bodies undergoes c^emicai 
or phytiad changes, and pastes into anoUier condition^ 
whatever may have been the nature or sttceeasion ^ the 
changes, the quantity of heat evolved or tAsorhed de- 
pends solely on the miiial and final conditions of the 
system, provided no ^ect has leen produced on bodies 
outside. 

Bat, sithoagh tliis statement corers the whole groond, 
yet, in the investigations of thermo-ehemistry, the gen- 
eral principle presente itself nnder so many unexpected 
and snrpriaing phases, that it becomes important to state 
the following enbordinate propositions : 

J. The heat absorbed in the decomposition of a com- 
pound is equal to the heat evolved in its formation^ 
provided Hie initial and the final states are the same. 

Id the case of wood, for example, the products of 
its eombnation are the food of the growing plant ; and 
hence, since the initial and final states are the same, we 
are jnatified in the conclusion previously stated that the 
heat absorbed in the process of vegetable growth is equal 
to the amount evolved during the burning of the result- 
ing wood. 

S. The h^at evolved in a series of successive chemical 
cha/ages is equal to the sum of the quantities which, toorttd 
fie evolved in each separalehj, provided the final condi- 
tions are the same. 

Hence it is that, when a compound cannot be formed 

liy the direct union of elementary snbstanccB, we can de- 

tormino the heat of formation by measuring the calorific 

efEects in the several stages of tlie indirect processes by 

^which it is prepared. 
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3. In any series of chsmical changes, when the ini- 
tial and final eondiOons are the same, the total tltermal 
effect is the same, however different the processes ly wh ich 
the resides may he reached. 

Hence, when the thermal effect of a given chemical 
reaction cannot be directly measured, we can often reach 
the resnlt indirectly in the following way : We arrange 
two systems of reactions, both of which begin with the 
6ame factors in the same conditions, and end with the 
eame products in the same conditions. In one of these 
eeries of reactions there must be no process whose ther- 
mal value, if not already known, cannot be measured 
with the calorimeter. In the other series the chemical 
change whose thermal effect we are investigating enters 
as an unknown term, the effect of the other reactions 
involved being known or capable of measurement as in 
the first eeries. Since the total thermal effect in the 
two series must be equal, it follows, from the principle 
we are discussing, that, if we subtract the sum of the 
quantities known or measured in the second series 
from the sum of those known or measured in tlie first 
series, we shall have the value of the unknown quan- 
tity. 

4. The difference bdween the quantities of licat 
evohedin two series of changes, startiitg from two dif- 
ferent states hit eiiding in the same final staU, is eguat 
to that evolved' or absorbed in passing from one initial 
condition to the other ; or, conversely : The difference 
between the quantities of heat evolved in too series of 
changes, starting from the eame initial condition but 
ending in two different states, is eqieal to that which 
would he evolved or absorbed in passing from one of ths 

''•nal coiuUtions to the other. 

[h no compound of hydrogen and car- 
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Ijon can be directlj made or decomposed nnder snch 
conditions that we can measure the calorific effect, yet 
in any case the heat of formation can be found by meas- 
uring the heat of combustion of the hydrocarbon ; for, 
as the final states are the same, whether we burn the 
hydrocarbon or an equivalent amount of diamond and 
hydrogen gas, the thermal difference between the hydro- 
carbon on the one hand and the diamond and hydrogen 
gas on the other mnat be equal to the difference between 
the heat of combustion of the compound and the sum 
of the similar values for the two combustible elementary 
substances which have been acecurately measured. So, 
also, although the reaction, 

80, H- H,0 = H,80., 

on account of its violence is not compatible with acon- 
I'ate thermal measurements, using the quantities of the 
two factors which the symbols indicate, yet we can de- 
termine the heat evolved by dissolving, in one experi- 
ment, SO, (sulphuric oxide), and in another, H,SO, (oil 
of vitriol), in a comparatively large amount of water, 
when the difference in the heat evolved in the two cases 
will be the quantity required. 

5. When a compound gives up (me of ila elements to 
another lody, the heat evolved in the reaction is the dif- 
ference between the heat of formation of this compound 
and that of the remiWmg prodiict. 

Thus, when chlorine gas over water is exposed to 
the direct rays of the son, the water is in part decom- 
posed, giving up its hydrogen to the chlorine and set- 
ting free oxygen gas — ■ 

2H,0 + 201. = 4H01 + 0. ; 

ctaon fce heat eYolved ia the i 



DfDIBECI METHODS. 



373 






ence between the lieat of formation of 2H,0 and 
411C1, without taking into account the accompanying 
thermal effect which may arise from soliition or other- 
wise. 

Theorems of this sort might be very greatly mnl- 
tiplied, as they have been by Berthelot, in his work 
entitled " Essai de Mecanique Chim,ique, pa/r M. 
Berthelot,'" Paris, 1879; bnt those I have stated will 
give a general idea of the posBibiZities of the sub- 
ject. 

It wonid be highly interesting in this connection to 
illustrate the general principles we have stated by ex- 
amples, and to follow through some of the wonderfully 
complex and ingenious processes by which results, ap- 
parently nnattainable, have been reached, such, for ex- 
ample, as the heat of formation of peroxide of hydrogen 
or of nitro-glycerine. But such processes could not be 
made intelligible to a general audience without devot- 
ing more time to the subject than circumstances will 
allow, and the chemical student will find them all fully 
detailed in the publications of Berthelot or Thorasen. 
I must, therefore, content myself with explaining the 
tables in which the results have been recorded, and 
showing how these tables may bo used. 

A great deal of work has been done in determining 
the heat of formation of chemical compounds, and we 
now know the values, at least approximately, for almost 
all the important products. Tables giving these values 
will be found in the books referred to above ; and a very 
complete set, corrected to date, is published every year in 
the '*Annuaire, publie par U Bureau dea Longitudes," 
Paris. We give in the table below a very few of the 
values iu the form in which they are usually pub- 
lished: 
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neat of Formation. 



Namb. 



Water 

Nitric acid 

Nitrous oxide . . . . 

Ammonia. 

Ammonic nitrate. 
Sulphuric acid.. . . 
Zinc sulphate. . . . 
Copper sulphate.. 



CoDBtitaeats In 




Condttton of ProduoL 


one Molecule. 


OftA. 


Liquid. BoHd. 


H, + 


+59.4 


+ 69.0 +70.4 


N+0,+H 




+ 19.6 




N.+O 


—18.0 


—13.6 




H,+N 


+26.7 






N. + H4+O, 






+-80.7 


S+O4 + H, 




+ 193.0 


+ 194.0 


Zn+S+O* 




230.0 1 


OU+8+O4 






182.6 1 



BolntiaB. 



+27.1 

+85.2 

+210.8 
248.4 
198.4 



In expressing quantities of heat in the gramme-tmits, 
as defined above, the last two figures do not, as a rule, 
have any significance, since they are beyond the limit of 
accuracy of our experimental methods, and in physical 
problems it is more common to use the kilogramme- 
unit, which is one thousand times greater. So in the 
above table, for the sake of condensation, the heat of 
combination is given in each case in kilogramme units ; 
but in chemical problems it is practically more conven- 
ient to use the smaller unit, and therefore multiply 
the values, when taken from the table, by one thous- 
and. 

After what has been said the interpretation of the 
table will be easy, but, in order that we may have the 
facts clearly before us, let me so far recapitulate as to 
state that the first line gives the information that, when 
2 grammes of hydrogen gas unite with 16 grammes 
of oxygen gas to form 18 grammes of water, 59,400 
gramme-units of heat are evolved when the water re- 
mains as vapor, but 69,000 if condensed to a liquid, and 
70,400 if congealed and left as ice. In like manner we 
learn from the last line that, when 63.3 grammes of 
metallic copper, 32 grammes of sulphur (roll-brimstone), 
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and 64 grammes of oxygen gas are converted by a se- 
ries of chemical proceBses into 159.3 grammes of eupric 
sulphate, 182,600 units of heat will be evolved if the 
Bait is left as an anhydrous solid, and 198,400 units of 
heat if it is left in solution in water. 

Now, all this accumulation of data has, as we have 
eeen, one great end in view — to obtain the basis on 
which we can rest our predictions of the order and ex- 
tent of chemical changes. As yet, however, the facts 
we have so laboriously collected very imperfectly fulfill 
the necessary condition, in the first place, because they 
are not as yet either sufficiently numerous or sufficiently 
accurate ; and, in the second place, because the thermal 
relations are not the sole conditions which determine 
chemical changes. Given the chemical reaction, there 
ia no question that the tendency is to those products 
which will determine the greatest evolution of heat ; 
but whether a reaction will take place or not is deter- 
mined fully as much hy the structure of the associated 
molecules as by the thermal relations of the possible 
products. Indeed, the analogy of our architectural illus- 
tration points to this conclusion. A block of stone 
weighing a ton bears very nearly the same relation to 
the force of gravitation on the top of the spire of Stras- 
buig Cathedral as on the top of the Great Pyramid, 
and on falling to the ground would develop the same 
amount of heat ; hut, while in the first case it might be 
dislodged by a well-directed bomb, an earthquake could 
ecarcely disturb its equilibrium in the second case. The 
best we have as yet been able to do with the great law 
of thermo-chemistry is to give an intelligible explana- 
tion of known reactions, and of this important service 
the following reactions are good illustrations : 

»B we heat ammonic nitrate until it melta, it suf- 
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fers qxmUneoDS decompontioo, and tbe sole 
are nitiosB oxide ftod water in Tkpor (page 197} 

S,H,0, = S,0 + 2H,0. j 
Why this cbaDge ? By the table- 
Heat of teinatiog of NiO (endothenDCHis gas) — ]S,000 
" " aUiO (exotbermoiu gu).... +119,800 



H«at of formalioD of N.II.O. (solid) 

Amount of he«t erolred by reaction ,. 




The amount of heat evolved hj the reactioii tntist bo 
really a Utile greater than this, for the reactioQ does not 
take place until the salt is melted, and the heat of for- 
mation of ammonic nitrate is teee in the liquid than io 
the solid state by joet the amount which the melted 
salt would Bet free in solidifying — that is, by its latent 
heat. Although from analogy we know that in this 
case the latent heat mnst be very small, wo do not know 
what the value ia, and this is an illustration of the in- 
sufficiency of data with which we constantly meet. But 
the solid salt is perfectly stable, one of our most com- 
mon laboratory reagents, and, after studying the above 
calculation, the question naturally arises, Why does not 
this considerable evolution of heat determine the de- 
composition of the salt in the solid state ? Unquestion- 
ably the freedom of molecular motion in the liquid 
condition must greatly facilitate the reaction. But it is 
not necessary to melt iodide of nitrogen in order to de- 
compose the compound, and the amount of heat evolved 
by the explosion which follows at the touch of a feather 
is but little, if any, greater than in the quiet reaction 
we are studying. The difference probably depcudfi aa. 
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toolecnlar stractnre, which is very nnstable in ODe case, 
and comparatively etable in the other ; and we can read- 
ily imagine that, while a slight jar, Betting in vibration 
the atoms in the molecules of a mass of iodide of nitro- 
gen, may be sufficient to carry them beyond the limit of 
eqoilibrinm, it may require a comparatively high tem- 
perature so far to increase the normal excnraiona of the 
atoms in the molecules of ammonic nitrate that they 
Trill topple over, 

The obvious distinction here suggested between the 
energy required to start a reaction and the energy de- 
veloped in the reaction wUl be rendered intelligible by 
recurring again to our architectural illustration. The 
energy required to break away a buttress of our Gothic 
^rch has evidently very different relations from the en- 
ergy developed in the resulting fall of the structure to 
the earth ; and it is this last only which is comparable 
■with the thermal effect of a chemical reaction. So, 
when we pull the trigger of a gnn and determine the 
explosion of the inclosed charge, the slight muscular 
force exerted bears no proportion to the energy which 
results from the burning of the gunpowder. We merely 
touch a spring which brings the atomic forces into ac- 
tion ; and the study of this and of thousands of other 
similar phenomena may well make us thoughtful, for 
they are constantly teaching us how, and how only, 
man rules the World, not through his own feeble mus- 
cular energy, but by directing tlie forces of Nature. He 
has learned to touch the springs of action, which call 
into play forces before which his own strength is as noth- 
ing, but which, guided by his intelligence, have become 
the servantfl of his will. 

Let us now study another familiar chemical process — 
the production of hydrogen gas from the action of duo 
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on dilate sulphnric acid. The reaction is expressed hj 
the equation before given : 

Zn + (H,S04 + Aq.) = (ZnSO* + Aq) + H,. 

Can onr thermo-chemical principles give any acconnt 
of this process, and, more especially, can they explain 
why zinc acts so readily on dilute sulphnric acid, 
while copper does not ? In the following scheme we 
have taken from the table (page 374), first, the heat of 
formation of the factors ; and, secondly, the heat of for- 
mation of the products. From these experimental data 
we easily calculate the difference between the two. Of 
course, as we estimate the heat of formation from act- 
ual elementary substances, and not from any theoretical 
atoms, it is evident that the heat of formation of the 
elementary substances themselves, such as zinc, copper, 
or hydrogen gas, must be nothing. Then we have — 

Sieat of Formation of the Factors. 

Zinc, Zn 0.000 

Dilute Sulphuric Acid, H, + S + O* + Aq 210,800 

210,800 

Eeat of Formation of the Products. 

Hydrogen Gas, Ha 0.000 

Solution of Zinc Sulphate, Zn + S + O* + Aq. , 248,400 

248,400 
210,800 

Heat evolved by reaction, that is, when 65.2 grammes of ) 
zinc dissolves in dilute sulphuric acid \ ' 

Here, then, is an explanation of the process. By 
means of this reaction the atoms are brought into so 
much closer association that 37,600 units of heat are 
the result, and this amount of heat is the measure ^ 
the energy of the chemical action, just as in the fall 
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f the arch the heat developed is the meaanre of the 
^ ' o£ the leveling force of gravitation. But why 
is not a, similar reaction poseible with copper? Why 
may we not have — 

Cn + {H,SO, + Aq.) = H, + (CaSO, + Aq.)! 

So far ae the form of statement, the reaction appears 

I 'net as probable as the other. Let us consider the ther- 
aal relations as shown by our table. 
Heat of Formation of Factora. 
Copper On O.OOO 
DUnte Solphorio Acid 310,800 
210,800 
Heat of Formation of Products. 
Hydrogen Gas Hi 0.000 
Solution of Oopper Sulphate Cm- 8 + Ot + Aq. 198,400 
198,400 
Evidently, the heat would be absorbed, and not evolved, 
by the assumed reaction, so that, on bringing metallic 
copper in contact with dilate salphnric acid, so far from 
there being any tendency to this reaction, it would re- 
quire the expenditure of an amount of energy repre- 
sented by 12,400 units of heat to produce it. The re- 
verse reaction, however, ought to be readily obtained, 
and we sliould expect that hydrogen gas would separate 
copper out of a solution of the sulphate (reduce the salt, 
as we QSQally term such a process) ; and so it will un- 
der certain conditions. But 12,400 units of heat do 
not, after all, represent a very strong tendency, and 
there are probably unknown conditions of structure or 
state of aggregation which ordinarily intervene to pre- 
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Examples like tlieee miglit be greatly mnldplied, bnt 
they often would involve complex chemical relations 
which cannot be intelligently discussed in elementary 
lectures, and the simple caeee that have been selected are 
aufficieot to ehow how far the new principles which 
have been developed in the study of thermo-chemistiy 
may be said to explain chemical processes. 

These examples suggest a question which yon may 
desire to ask, and which I will therefore anticipate, IE 
the tendency in chemical reactions is always to those 
products which will determine the greatest evolutioii 
of heat, how does it come to pass, in any case, that un- 
stable substances should be formed? How is it poeeible 
to pass from elementary substances to what we have 
called endothermouH compounds ; or from exothermons 
compounds to elementary substances ? How, in an atr 
moBphere of oxygen gas, have organic tissues, beds of 
coal, the useful metals, and other combustible substances, 
ever been formed or produced ? In a word, how is any 
chemical reaction possible which involves an absorption 
of heat ) Such processes, however, are constantly going 
on. Coal is the remains of organic tissnes which grew 
in the early geological ages, and similar tissues are now 
growing under the same sunshine as of old ; the useful 
metals are readily extracted from their ores, and highly 
unstable products, like nitro-glyeerine, are easily 'obtained 
by well-known chemical reactions. How is this possible! 

This is one of those questions which it is much easier 
to ask than to answer. Indeed, we can not answer it 
definitely in the present condition o£ our science. We 
know tJiat, whenever a chemical reaction involvea the 
absorption of heat, the requisite amount of energy ie 
exerted by some agency outside of the system of bodies 
directly involved in the chemical change. 
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as in the decompoBition of water by nn electric 
cnirent, or the deeompoeition of carbonic dioxide in 
the green cells of a plant by the sun's rays, we can trace 
the energy to its immediate source, although, as yet, 
we know nothing of its mode of action. But, in most 
caaea, all we know is the bare fact that heat is abBorbed 
in the reaction, and in most cases the chemical process 
was discovered empirically long before the thermal rela- 
tions were known, "We infer that, as energy is required 
to raise the stones from the earth and place them in po- 
sition on the Gothic arch of our illostratioo, so energy 
is reqnired to part the atoms in the molecules of the fac- 
tors in our reaction, and place them in the new relations 
which they occupy in the products. But, while we can 
see the building of the arch, we can only follow the 
building of molecules in imagination. Still, through 
the stnictural formnlfe, which have been developed by 
the study of organic products, and of which, in the 
previous chapters, we have endeavored to give some 
partial conception, wo have been able to picture to 
ourselves, however imperfectly, the manner in which 
multivalent atoms, acting as atomic clamps, serve to 
bind together, and yet to keep apart, other atoms which 
have a strong attraction for each other. We can see 
how, in the molecules of ammonie nitrate — to recur to 
a previous but striking illustration — the nucleus N-O-N 
may keep 
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+ H-O-n + H-O-H 



the atoms of hydrogen and oxygen at the opposite poles 
^^£ the molecnle apart from each other. We can realize 
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t.ala. These may be either intermediate products 
tin the falling back of organic materialB, or they may be 
I formed indirectly by the effect of this fall in the same 
way that by proper mechanical appliances the fall of a 
weight throDgh a short distance may be made to raJBQ 
a lighter weight to a proportionally greater height, by 
what in- mechanics is called the principle of virtual ve- 
locities. 

The formation of nitrates, from which the chief ex- 
plosives are prepared, is the result of the partial oxida- 
tion of organic matter (when under the influence prob- 
ably of certain lower forms of organic life), and the brill- 
iant coal-tar colors are obtained from the products of the 
decomposition of organic tissnes ; and both these classes 
of substances are, therefore, examples of intermediate 
products in the falling back of organic matter, while 
in the smelting of metals from their ores the production 
of the metal is an indirect result of the burning of coal 
— a comparatively large amount of coal, in falling back 
into the condition of carbonic dioxide, raising a less 
amount of stable mets^lic oxide to the imstable metallic 
state. It is true that we thus see only a shadowy outline 
of these processes, but this is all we can see hb yet, and 
we must wait until a deeper insight enables ns to fill 
out the details. 

In connection with the phenomena we have been 
studying, another interesting question arises : How far 
does the heat of cliemical combination enable us to 
measure the relative attractive force between the ele- 
mentary atoms ? Unfortunately, our answer to this ques- 
tion must be even less satisfactory than our answer to the 
last. In this lecture we have constantly kept in view 
the distinction Iietween the isolated elementary atoms 
and the molecules of the elementary substances ; be- 
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tween the atoms of oxygen, for eznmple, and the mole- 
cules of osygea gae ; between the atoms of iodine and 
either the moleculea of iodine vapor or the crystalline 
molecules of the same elementary substance in tlie solid 
Btate ; and it must never be forgotten that the heat ot 
formation given in our tables is the thermal effect pro- 
dnced in passing from concrete elementary substances 
to an equally concrete compound substance ; and this 
chemical change nsually implies the breaking np of old 
molecules and the formation of new molecules, jnst as 
much as in passing from one set of compound substances 
to another. Moreover, such effects, complex as they 
may be, aro nanally still further eomphcated by the cir- 
enmstance that the chemical change is constantly accom- 
panied by a change in the state of aggregation — a gaa 
la developed from solid and liquid materials, or a solid 
separates from a previous condition of solution ; and wo 
know that these changes of physical state are always 
accompanied by marked thermal effects independently 
of all chemical action. Hence it is very difficult 80 to 
eliminate other causes as to deternaine the effect of the 
atomic forces alone. Yet this is the great problem be- 
fore ns, and if we could only refer back the heat of 
formation of all substances to the isolated atoms — we 
should greatly simplify the relations of our subject. We 
eonld do this if we knew the heat of formation of the 
elementary substances from isolated atoms — what we 
may call the cJiemical potential of each kind of atoms 
toward themselves. This is by no means an impos- 
sible problem, and Professor Thomsen, of Copenhagen, 
has taken some steps toward its solution ; but at pres- 
ent we can only answer the question we have asked 
by tbns repeating it in a somewhat more definite 
form. Yet even this is some advance, for definitely to. 
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ask a question is already a long step toward its soln- 
tion. 

The laet qnestion suggests still another : Can the at- 
oms exist in an isolated condition i Are isolated atoms 
a possibility, or only a fiction of our imagination ! If 
the atoms can exist isolated, then we should expect that 
the effect of intense heat would be to bring all mate- 
rials into this condition. We assume that the union of 
such isolated atoms is attended with the liberation of 
heat ; and, if so, we should naturally infer that the effect 
of heat would be to part the atoms again. Now, this is 
exactly what we find to be tnie, ao far as our experiments 
extend, and the effect of heat in parting atoms is what 
we technically call '* dissociation." 

A large number of chemical eomponnds can not even 
be melted without decomposition. Long before the 
molecules become loosed from their crystalline bonds, 
the more active atoms break away and seek new asso- 
ciations, giving rise to those volatile products which re- 
sult from the various processes of destructive distillation. 
Other chemical compounds can be melted, but can not 
be volatilized without decomposition. In some eases, as 
with ammonic nitrate, tho decomposition is so funda- 
mental that the original substance can not be again 
produced by the direct union of the products ; while ha 
other eases it is more or lees partial, and ou condensing 
the apparent vapor the original substance reappears. 
The last ia the ease with ammonic chloride (sal-ammo- 
niac), which, when heated, yields a mixture of ammonia 
and hydroohloric-acid gases, but on cooling the aeriform 
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prodncte, the familiar wliite salt reappears, and the ex- 
wriment ha? the appearance of simple sublimation. So, 
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hydrate of chloral, when heated, * yields a mixture of 
chloral and aqneons vapor, which reunite to form the 
well-known anfiesthetic agent when the mixed vapors 
are condensed. It is to phenomena of this class that 
the term dissociation is sometimes restricted, and they 
have been very puzzling and have given rise to a great 
deal of controversy among chemists, because there is no 
visible evidence that a decomposition has taken place, 
and our conclusions in regard to the change are neces- 
Barily inferential. 

If Avogadro's law universally holds, then, from the 
principles we have fully discussed, it would follow that, 
if ammonic chloride is decomposed on volatilizing (as 
the above reaction indicates), the volume of the mixed 
aeriform products would be twice as great as the normal 
volume of the vapor of the compound, and this is un- 
questionably true. But we here assume the univer- 
sality of Avogadro's law, that is, the equality of all mo- 
lecular volumes in the state of gas or vapor, and that is 
the exact point at issue in the controversies referred to. 
In order to substantiate the law, it is important to show 
that, in the vapor from ammonic chloride, ammonia gas 
exists as such, and hydrochloric-acid gas as such ; and 
this chemists have endeavored to do by showing that, 
when the vapor is in contact with the atmosphere, the 
two gases diffuse unequally. Here, again, there is no 
question about the fact ; but the answer is, that the same 
force which causes the unequal diffusion also determines 
the decomposition of the substance. There is, how- 
ever, one class of evidence which seems to be conclusive, 
and that is the evidence of the spectroscope. 

It would be impracticable in these lectures to discuss 
either the theory or the use of this spectroscope. In- 
deed, the subject is so large that it would require an 



ETIDENCB OF THE EPECTEOECOPE. 



387 



equally extended conrae to treat it satisfactorily. I must 
assume, therefore, that my audience are familiar witli 
tlie general features of the phenomena observed with 
the spectroscope, and, if any are not, 1 Lope that their 
interest in chemical philosophy will lead them to acquire 
the necessary knowledge from one of the many popular 
books which treat of this wonderful instrument. It 
must be aufficient for the present to say that every sub- 
Btance when heated in the aeriform condition to a suf- 
ficiently high temperature to render it luminonB emits 
a characteristic light, and that this light, when examined 
■with the spectroscope, shows eertiiin colored hands oc- 
cupying definite positions in the field of view, or hav- 
ing definite relations to each other; and, further, that 
these bands are positive proofs of the presence of the 
Bubstance at the luminous source. Tlie association of 
bands in the field of the spectroscope is what we call 
technically tlie spectrum of the substance, and the spec- 
tra of the elementary substances hnvc been studied and 
mapped with great caro. The spectra of only a few 
compound substances have ever been observed, simply 
because, with n few exceptions, all chemical compounds 
are decomposed before they reach the titnipcrature at 
which they become luminous ; bnt, whenever seen, the 
Epeclra of compound substances are found to be just 
as characteristic as those of elementary substances, and 
no relation has been discovered between the spectrum 
of the compound and the spectra of the elements of 
which it consists. The spectra of compound bodies, 
however, show certain characteristics, and when, with an 
increasing temperature, the compound is decomposed, 
the change is markoci by an entire change in the spec- 
trum, one set of bands disappearing and a wholly differ- 
ent set com 'r place. 



THEKMO-CHEMISTttT, 

A very simple and common mode of observing the 
spectrnm of a enbetaiice is to melt a Email portion 
of it to a bead on a loop of platinum wire and hold 
the bead tliua supported in the non-luminous flame of 
of a Bunson gas-bunier. The material, being Tolatilizet 
by the high temperature, fills the flame with ita va' 
wbich, rendered luminans at this temperature, ehii 
with itfi peculiar light. When the heat of the Bnnse^ 
burner is not enflicieiit to volatilize the eubstance, we 
employ for the same purpose the heat of an electric 
8park. Now, when in tliia way we experiment on dif- 
ferent Baits of the metal sodium, we obtain in each case 
the same simple speetrum as if we used the metal alone, 
Bhowing conclusively that in every ease the compound 
must be decomposed, and that it is the elementary sub- 
Etance which radiates the peculiar yellow light of the 
flame. Take, for example, common Bait, or sodic chlo- 
ride (NaCl). A bead of this substance held as described 
ill tlie flame of a Bunsen burner soon fills the flame with 
a vapor which emits the characteristic light of sodium, 
and hence, although after passing through the flame the 
vapor may be again condensed and the salt recovered, 
yet it ie obvious that while under the heat of the flame 
it must have been decomposed ; and it ia reaBonable to 
conclude that the same was true in the case of ammonic 
chloride where such direct evidence was wanting. 

Besides tiie large class of substances, all of -wliieh 
cannot be volatilized, and many of which can not even 
be melted without decomposition, there is another class 
which, although comparatively limited in number, is the 
one on which we are most apt to dwell in our discns- 
aions of chBmical philosophy ; a class of substances which 
can readily be converted into vapor, and whose vaporg, 
"rough more or less wide limits of temperature, show 
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the normal density wiiicli the known molecular weight 
of the Bcbstance requires. But in most cases these gases 
or vapors, when heated to still higher temperatures, suf- 
fer decomposition, and our experiments indicate that 
the tendency is to a condition of isolated atoms which, 
in a few cases at least, we have reached. Sometimes 
the decomposition is shown by permanent products, as 
when ammonia gas passed through a red-hot porcelain 
tube yields a mixture of hydrogen and nitrogen gases ; 
sometimes, although recombination ensues when the 
products cool, a permanent decomposition may he ef- 
fected by drawing ofE one of the constituents whOe at 
a high temperature by diffusion or otherwise. Thns 
water, although such a stable compotmd.is peeolvedinto 
a mixtiu^ of oxygen and hydrogen gases at tempera- 
tures above 1200°, and, if steam is passed through a tube 
cf the metal palladium heated above this point, the hy- 
drogen gas will diffuse through the walls of the tube, 
while tlie oxygen thus left in excess can be collected 
when the steam is condensed at the other end. Some- 
times the decomposition can only bo followed by the 
change of density, and these are the most interesting 
cases. 

As the density shows, when sulphur bolls, the vapor 
evolved confiists of molecules formed each of six SBlphur- 
atoms ; hut, if this vapor is heated above 800°, tlio very 
greatly changed density indicates that its molecules then 
consist of only two atoms. Could we measure the den- 
sity at still Iiigher temperatures, we should probably 
find that the molecules would be reduced to single 
atoms. This condition has been reached with iodine- 
vapor at the temperature of a blast-furnace, although 
iodine- vapor below 700°, like sulphur-vapor above 
" jcoles consisting of two atoms. Then 
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tbo metals mercury, cadmiani, and zinc, give vapors 
wliosc molecnlee, immediately above the boiliDg-poiot, 
consist of Binglo atoms. All these facts indicate not 
only tliat the coudition of isolated atoms is a possible 
state of matter, but also indicate that all materials miist^ 
tend toward this conditiou in proportion as the 
perature is elevated. 

For studying the constitution of matter the sj 
scope has this great advantage, that it can be applied to 
the most distant sources of light, like the ann and the 
stars; and the study of our sun with this instrnment 
Ii;is been prosecuted with great zeal, especially under 
the favorable conditions presented by a solar ech'pse. 
The phenomena, which the sun presents, are extremely 
complex, and three distinct regions of activity on its 
surface have hecn distinguished as we go toward the 
centre, and these regions have been called the corona, 
the chromosphere, and the photosphere. In none of 
these regions do we see any evidence of the existence 
of materials more complex than those we call tlie ele- 
mentary substances ; and in the photosphere — ^the focua 
of most intense heat — we infer that the atoms of all the 
elements are isolated, and only held together by the 
immense gravitating force of the sun's mass. More- 
over, the red tongues of hydrogen-flame which ai-e such 
conspicuous objects in solar eclipses, and similar subb 
ordinate phenomena, seem to result from the throwiid 
up into the cooler ehjomospbere of material from t^| 
seething mass below, when the atoms so far unite as fl 
form molecules of hydrogen gas, or of other elezaentaiM 
suhBtancea. It is true that all this, though a probal^l 
inference from observed data, cannot be regarded tf 
proved ; still, the probability of the existence of iao- 
^ated atoms in the sun's photosphere is undoubt^, an d 
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tlina we are led to recognize in our own solar system 
the existence of those very ultimate ehemical elements 
which we have assumed to be the true baeis of oar 
Ecience, and which, if we accept the nebular hypothesis, 
were the original elements out of which all snbetances 
were evolved. 

If, then, material consisting of isolated atoms really 
exists, this final question is forced upon ue; Can we 
form any probable inference in regard to the nature or 
origin of the atoms ! Of course, it will be understood 
that, in attempting to speculate on such a question as 
this, we are not only going beyond the region of legiti- 
mate inference, but also beyond the region of legiti- 
mate theorizing, aod all that we can eay is, that we are 
speculating in the direction in which science is ad- 
vancing, and we can not give a complete conception of 
the scope of the new chemistry, unless we survey not 
only the ground which it actually occupies, hut also 
endeavor to catch a glimpse of the great unexplored re- 
gion beyond. 

A great deal of attention has been paid to studying 
the relations of the atoms to each other, but the only in- 
ferences which we can draw in regard to the qualities 
of material consisting of isolated atoms are those quali- 
ties which alone depend on tho relative weights of the 
atoms themselves. It was first observed by Dr. Prout 
that the atomic weigiits were aU very closely even multi- 
ples of tho atomic weight of hydrogen, which is usually 
taken as the unit of the system ; and he advanced the 
theory that the different atoms wore simply aggregates 
of hydrogen-atoms. Subsequent more accurate deter- 
minations of the atomic weights, while they cannot be 
said to have substantiated the hypothesis of Front, 
havQ certainly not disproved it, aud it is BtiU a remark- 



able fact tliat, witb a single exception (that of chlcniDe), 
tLere is not one of the twenty atomic weights that have 
been most accurately determined, which differ from an 
even multiple value by more than the possible experi- 
mental error. But, in tlie present imperfect condition 
of our knowledge in regard to the atomic weights, we 
cannot safely theorize on this fact. Another remark- 
able relation between the atomic weights was discovered 
by the Russian chemist Mendelejeff. 

If we arrange the elementary substances in the order 
of their atomic weights, wo find that elements having 
similar qualities recur at nearly fixed intervals, and this 
principle gives us the basis for a claasification which ex- 
hibits the relations of the elementary substances to each 
other in a striking manner. Tables in which the ele- 
mentary substances are classified on this system will be 
found in aU recent works on chemistry. It would be 
interesting to discuss at length these tables, and the rela- 
tions of the elements which they exhibit, and each a 
discussion would have an important place in an ex- 
tended work on chemical philosophy, but, as it implies a 
very full knowledge of the relations of the elementary 
substances, or, in other words, of the whole field of 
chemistry, such a discussion would be out of place in a 
course of elementary lectures. 

That these tables do not always give prominence to 
the moat important relations of the elementary sub- 
stances, and that they show many arbitrary featnres, is 
to be expected ; for we arrange the tables according to 
the weights of the atoms, and we bring into comparison 
the relations of elementary Buhstances whose molecules 
are groups of atoms, and whose quahties must depend, 
not only on the grouping of the atoms, but also on the 
possibiUties of farther grouping which the atoms pnnnrmi. 
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Moreover, the relatioiiB of the atoms cannot depend on 
the masa alone. Nevertheless, such facts ehow that the 
mass must be an important element iu deternuniitg their 
chemical relations. 

The etudy of the spectra of elementary BubstanceB, 
to which we have referred above, shows that the ch;irac- 
teristic bands are frequently repeated at regular inter- 
vals, exhibiting a certain rhythmic relation, and, more- 
over, that the spectra of alhed elements are to a certain 
extent homologous ; and the only, theory of their pro- 
duction which we can form leads us to infer that the 
hght must originate in corresponding rhythmic oscilla- 
tions of the atoms which constitute the luminous source. 
In other words, some of the relations of the atoms are 
thus traced to definite phases of oscillatory motion ; 
and thus we are brought to this general conclusion : the 
chemical relations of the atoms depend in the first place 
on mass and in the second place on their inherent 
motion, and the ultimate elements of each immutable 
atom are a definite mass and a definite mode of motion. 

Bat, while we recognize in our last analysis masa 
'and energy as the only fundamental elements of Nature, 
let ns not forget that there must be a directive faculty 
by which the atoms are arranged and controlled. We 
know that man can touch the epriuga of action, and 
that thus his intelUgence can, in a limited meaeuro, 
control eventfi ; and this prerogative, which makes a 
feeble creature the " Lord of Creation," is, we believe, 
tbe type of an Infinite Intelligence " wlioi 
glows m all within, around us, and above." 
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Ths numbers of this index refer to pages. Attention is called 
to the lists of experiments, graphic symbols, reactions, and taibles 
given nnder these several headings. 



Acetic acid, 806, 808. 

Acetic ether, 827, 828; isomeric 
with butyric acid, 824. 

Acetone, 839. 

Acetyl, 828. 

Acids, 273, 279, 287, 292, 817; 
nomenclature of, 188. 

Acids and alkalies, 280, 282, 290; 
differences, 296, 298. 

Aggregation, states of, 6. 

Alchemy, 121. 

Alcohols, 163, 840. 

Aldehydes, 889. 

Alizarine, 360. 

Alkali, 278, 277, 279 {see also Acids 
and Alkalies). 

Alum, potassic, 274; ammonic, 315. 

Aluminic oxide, 333. 

Aluminum, Action on potassic hy- 
drate, 290. 

Amidogen, .338. 

Ammonia gas, 206, 268; heat of 
formation, 374. 

Ammonic chloride, 268; nitrate, 
197; heat of formation, 874; 
decomposition of, 876. 

Ampere's law, 6. 

Analysis, 110, 138, 191 ; of acetic 
ether, 325; of alcohol, 153; of 
butyric acid, 825 ; of nitric acid, 
283; of water, 140, 154; of salt 
and sugar, 140. 

Andalusite, 316. 

Anhydride, 818. 



Aniline, 846. 
Anthracene, 860. 
Anthraquinone, 860. 
Anticipations in science, 8. 
Aristotle, 118, 256. 
Arithmetic, chemical, 166, 196. 
Artiads and perissads, 272. 
Atomic bonds, 265; dajups, 274; 

theory, 117. 
Atomicity of hydrates, 809. 
Atoms, 28, 161 ; specific heat o( 

149 ; polarity of, 298 ; weight o& 

128, 133, 140, 146 ; relations oL 

891 ; isolated, 886. 
Avogadro*s law, 6, 29, 62, 66. 

Barometer, 31. 

Bases, 817. 

Basic, definition of, 291. 

Beauxite, 315. 

Becker and Stahl, 255. 

Benzol, 346. 

Berzellus, 296, 817. 

Binary compounds, nomenclataie 

of, 187. 
Bonds, atomic, 265. 
Boric acid, 811. 
Boyle's law, 33. 
Bimsen's lamp, 229. 
Burning {see Combustion). 
Butyric add, 808, 824, 329. 

Calcic hydrate, 273, 810; oxalate^ 
311; oxide («e0 Idine) ; sulpha^ 
«74* 
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Caldum, 176. 


Cupnc Eolphate, heat of formatioD, ^^M 


CJorimetry, S6S. 


^H 


Calore, 386. 


Cuprous oxide, 333; reduced by by. ^^^| 


Candle, 228, 230. 


drogen, 90. ^M 


CarboUo acid, 346. 




Carbon, HI, 174, 338; ftlomici 




xeigbt, H3 ; radicoU, 334, 33B ; 


Dalton's atomic theory, 124. ^H 






Cvbooio dioxide, 159, 1T9, SlI, 


^H 


226; dioxide action on lime.«a- 


DeGait« proportions, lair of, 03, 94, ^^H 




^H 


piants, nS; dioiide deEomposed 


Density, 70. ^H 


by fiodiuB, 169. 


DenaltT of vapors, 7S, 284. ^^^M 


Carbonic oxide, SM. 


Design' in Nature, 234. ^^H 
Diaapore, 3 IE. ^^H 
Diatomic hydrates. 311). ^^M 




tion, nS; Bolution, 180. 


DiiterentiatioD, a method of inves- ^^H 


OhaiigeB,diemicaluidpbjdcal,iag. 


tigation, 222. ^H 


Ch&rcoal, burning of, £24, 239. 


Dihydro-sodic phosphate, 311. ^H 


OluLrlea'B Uw, 43, 62. 


Dipotaasic oxalate, 310. ^^H 


Chemical chuiges, 109, ISl ; com- 


DisodicEulpbate, 310. ^^M 


pounds, 110. 114, 182. 


Dissociated atoms, 860. ^^M 


Chlorine, atomic weight, 141 ; gas 




buma tinsel, 208. 


^^M 


Chrvaoberjl, BIB. 


DUsMiation, 380. ^H 


Chrysolite. 814. 


DiTiaibiliCy of matter, 27. ^^M 


Coal, burning of, 223; energr stored 


Dualistic theory. 29S, 296. ^^H 


in, 227. 


Dumaa's method for vapor denslt?, ^^H 


CohcBion, 83. 


^^1 








Electrical polarity. 300. ^H 






324, aas, iSa; of hydrogen, IIB, 




217, 220; of phosphorUB, 210, 


table of, 128. ^^M 


214: ot slow-raatcb in oiygen. 


Endothermous compounds, 361 ; ^^M 


lOfl ; of sulphur in nitrous oxide, 


bow obtained, 880. ^^M 


199; of eulphuf in oxvgcn gas, 


Energy from burning, 213-227 ; ^^H 


198; of tinsel in chlorine gas, 


from the son. 23a ; indcstrucli- ^^M 


208; of wateh.flpring in oxygen. 


ble, 23S; required to decompose ^^M 


lOB ; history of theory. 264. 


^^M 




Ether of space, 14, ^^M 


Compound nuUctls, 293. 


Efhyl, 328. ^H 


Oompounda («« Chemical Com- 


Expansion by beat, of gases, 11 ; of ^^M 


pounds); notudxlures, 122. 


liquids, 10. ^H 


Conaorration of onerRy. application 




of, 8fl9 ; of mass, 90, 82. 




Corundum, 810. 


tic hydrate, 291 ; saimonhi and ^^H 


Creani«t-lartar, 162. 




Crith. 69, 73. 


on aoap-SIm, 28 ; bario chloride ^^M 




and argentic nitrate, 260 ; beer ^^H 




xbotm to yield rarbonio dioxide, ^^H 


j_ Ciysttls, nOeae on polaiixed Ught, 


89 ; burning charcoal, 224 ; bum- ^^^H 


^^Wl^^^^^^^^ 
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ing hydrogen gas, 101 ; burning 
iron, 12C ; burning ])hof4]}iioru8 
in air, 21u ; burning pbuBpliorus 
in oxygen, 214 ; burning wutcli- 
spring, 1U6 ; calcining ohulk, 1(S2 ; 
dialk and ucid, 183 ; chlorine gat) 
and tintk.'!, 208 ; coloring power 
of aniline dyes, 347 ; C(mii)Ound 
blow-pipe, 115; cry.otalliziition of 
Bal-animuniac, 61 ; crystal lizat ion 
of urea, 52 ; cupric oxide reduced 
by hydrogen, 90 ; cupric sulphate 
and iron, 258; decomposition of 
sugar, 101 ; decomposition of wa- 
ter, 108, 106 ; density of vapors, 
79, 82 ; expansion of liciuids by 
heat, 10 ; explosion of iodide of 
nitrogen, 203 ; explosion of hy- 
drogen and oxygen, 115; forma- 
tion of vapors, 9 ; globular form 
of liquids, 50; gunpowder burnt 
in vaeuo^ 240 ; gunpowder burnt 
in air, 240 ; ice-flowers, 58 ; iodine 
and phosphorus, 209 ; iron and 
hydrochloric acid, 288 ; iron and 
sulphur, 119; lead -tree, 257; 
lime-water and carbonic dioxide, 
177 ; magnetic curves, 60 ; Ma- 
riotte's law, 33, 62 ; nitric oxide 

- and oxygen gas, 206 ; with polar- 
ized light, 55-61 ; Pharaoh's ser- 
pent, 124 ; potassic liydrate and 
nitric acid, 282 ; potassium and 
water, 281 ; preparation of ni- 
trous oxide, 197 ; preparation of 
oxygen gas, 193 ; products of com- 
bustion weigh more than the can- 
dle, 231 ; silver-tree, 259 ; slak- 
ing of lime, 177 ; sodlc carbonate 
and cream-of -tartar, 162 ; sodic 
carbonate and muriatic acid, 157 ; 
sodic chloride and argentic ni- 
trate, 260 ; sodic silicate and mu- 
riatic acid, 314 ; sodium and car- 
bonic dioxide, 169 ; sodium and 
water, 276 ; sulphur burnt in ni- 
trous oxide, 199; sulphuric acid 
and zinc, 288 ; sulphuric acid and 
zinc oxide, 289 ; Sjmthesis of for- 
mic acid, 304 ; variations of quan- 
tivalence, 270 ; weight of car- 
bonic dioxide, 158. 

Factors and products, 87. 



Feldspar, 816. 

Ferric chloride, 838. 

Filtering, 177. 

(lame, 217; how colored, 220,27 

2S1 ; light of, 228 ; of wood ai 

coal, 230. 
Formic acid, 804, 808. 
French syt^tem of weights and mca 

ures, 69. 
Fuel, constituents of, 227 ; enor; 

of, 232 ; products harmless, 23 

Garnet, 316. 

Gus, cause of its tension, 88 ; cha 
actcristics of a, 80. 

Ga.«, illuminating, 228. 

(iad volumes, how represented, 20 

Gay-Lussac*s law, 67, 96. 

Gibbsite, 315. 

Glass not absolutely homogcceoi 
13 ; size of molecules, 20. 

Glyceric acid, 842. 

Glycerine, 242, 342. 

Gold, variations of quantivalen< 
271. 

Gracbc, synthesis of alizarine, 86 

Gramme, 69. 

Graphic symbols, 276 ; acetone, 83 
acetic ether, 828 ; acetyl, 82 
alizarine, 861 ; aluminic oxic 
833 ; amidogen, 888 ; ammoi 
alum, 815; ammonia gas, 26 
ammonic chloride, 268 ; anmioi 
um, 294; andalusitc, 815 ; ai 
line, 346; anthracene, 850; a 
thraquinone, 860 ; beauxite, SI 
benzol, 345 ; butyric acid, 32! 
calcic hydrate, 278; calcic si 
phate, 274 ; carbon radicals, 83- 
338 ; corundum, 816 ; chrys 
beryl, 815; chrysolite, 814 ;'c 
prous oxide, 388 ; cyanogen, 29- 
diaspore, 316; ethyl, 294, 82i 
feldspar, 816; ferric chloric 
333 ; formic acid, 806 ; fluorid 
of manganese, 269 ; garnet, 31 
gibbsite, 315 ; glyceric add, 84 
glycerine, 342 ; hydrochloric ad 
303; hydroxyl, 838; hypodJ 
rous acid, 303 ; chlorides of iro 
270; lactic acid, 842; meth; 
292; mercurous chloride, 8* 
naphthaline, 849 ; nitric ad 



nitro-beniol, 346 ; nltro- 
toluo], 343 ; nitro-glycedne, 343 ; 
nitrjl, 33d ; pbeaol, 34S ; phoa- 
pharoua chloriJe, 2flB ; pDrpurioe, 
SSI; pp^ine, 318; iriplum- 
b)c bfdrate, 2T3 ; potusia &!iiiiii- 
Qic Buiphaie, ST4; potassic hy- 
drate, 29S ; propionic uid, 341 ; 
propylio Bldchjde, 83B ; propjlio 
glycol, 842 ; propjlio hjibide, 
8!)8; pjTuvia acid, 341; quino- 
lioc, S4S ; rosaniliiie,346 ; silicic 
hjdratea, 313; tarCroiuc sdd, | 
842 ; tolniiiine, 346 ; tolnol, 34a ; ^ 
Valeria kdd, 831 ; woUsstoiiite, 



Hfdrosodic Fnlpliite, SIO. 
Hjdroijl, S09, 3S8. 
Bjpochlocous acid, 803. 



Ice, crystLilliae strnctiue of, B3. 
Ignitiun, point of, 21S. 
Impondcrablos, 113. 
IntelligGDce in KaCure, 284, 23S. 
Iodide of nitrogen, 303. 
Iodise, 203, S0». 
iron chloridoa, 270. 
IroD. varinUons of quontivalence, 



314. 



240. 



Unro'^ compaDn<] btoir-pipe, IIJI. 

Ileal, meaeiu'emeDt o(, 3B4 ; natiiro 
of, 39-43; developed by burning, 
213; iTbeneceratomg unite, SOS; 
of formalioD, SGO ; of roootion — 
deoomposilioa of ammooic ni- 
trate, 376 ; zinc and aulphnric 
acid, 378 ; copper and sulpburic 
acid, 370. 



HocuoinRuea, 831; Miies of, SOB, 

sail, 840. 
EjdniCos, alltatinc and acid, 291 ; 
■tomioily of, 309; definition of, 
2BI, 3UB: instabiUl? of, irben 
complei, 312; DomenclaCure of, 
IBB; yield wttier nhen healed, 
S12. 
Hydride* of tneibjl, etbyl, propyl, 

eto„ 339. 
Hjdradilaric acid, 303 ; aetion on 
iron naila, 288 ; action on •odio 
I carbonate. 157; oomtHnee witli 

I unmcnia, 20S; neuCralliea alba- 

lies, 280. 
I Eydrodlfiodio phospbate, 311. 
I Hydroeen, atomio weigbt of, 144. 
I Hjdrogeugas, iOSi buminear,217- 
' 323 : preparaUon o^ 288 ; eyn- 

ktbeaia of water, SIB. 
rdropotiudo onhb 



Kekulo benzol theory, 344. 
Rcroaene, 330. 
Ketones, 33D. 

Lactic add, S42. 

Lamp, a gas-factory, 228. 

Lavoisier, 254, 316. 

Law of Ampire, fi ; Av(^dn>, 0, 
48, 63 ; Boyle, 33 ; Charleti, 43- 
48, G2; deSnite proponionfi, 93, 
S4, 122; OBy-Lusaac, 67, OB; 
Mariotto, 83, 62 ; maiiniuni ef- 
fect, S59 1 multiple proportions, 
131; Newton, in. 

Liebig, 263. 

Light, wlicn manifested, 314, 923; 
dimensions of wbvcb, 16 ; d!9per- 
flian of, 19 ; polarized, 54 ; ware 
theory, 14. 

Lime, action on vater, 177; com. 
poBition of. 176. 

UmP-klEn, 183. 

Limegtones, bow formed, 181. 

Lime-water, 177. 

Liqnid.t, charactcriitlci of, 48; gloU 
ular form of, 60. 

UtmuB'paper, 182. 



Hadder-dye, 3nl. 

Magnesic hydrate, 809 ; gnlptiale, 
311; magnetic corvee, 60 ; polari- 
ty. 2fl8. 

Manganoso fluoricleB, 189 ; variB- 
tioni« of (lunntivnleiuc, 260, 271. 

Uoliotle'a taw, 33, 63. 
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Matter, relations to space, 12 ; in- 
destructible, 160. 

Maximum effect, law of, 359. 

Maxwell, " theory of heat," 46; " on 
molecules," 28. 

Measures and weighta, French sys- 
tem, 69. 

Mechanical equivalent of heat, 867. 

MendelcjefTs classification, 892. 

Mercurous chlorides, 333. 

Metathesis, 191. 

Metathetical reactions, 275. 

Metre, 69. 

Microcrith, 75, 136. 

Mixture, distinguished from a chemi- 
cal compound, 122. 

Molecular structure, 278, 858. 

Molecules, 5, 27, 29, 37, 152. 

Molecules, building of, 881 ; chemi- 
cal definition of, 99, 100 ; physical 
definition, 98 ; distinguished from 
atoms, 184 ; how divided, 100- 
108, 107 ; of elementary sub- 
■tances, 185-142 ; their integrity 
depends on what, 274; size of, 
20, 26 ; structure of, 247, 266, 272, 
276, 802, 858 ; weight of, 68, 78, 
85. 

Monatomic hydrates, 809. 

Multiple proportions, law of, 131. 

Multivalence, 261, 273. 

Naphthaline, 849. 

Naphthas, 889. 

Nature, her manifestations, 236. 

Newton, Sir Isaac, 111. 

Nitrate of zinc, 318. 

Nitric acid, 282, 299, 303 ; symbol 
determined, 282 ; heat of forma- 
tion of, 874. 

Nitro-benzol and nitro-toluol, 345. 

Nitrogen, compounds with oxygen, 
132 ; influence on combustion, 
210 ; molecular stability of, 860 ; 
variations of quantivalence, 268. 

Nitro-glycerine, 242, 343; experi- 
ment at Newport, 244 ; molecular 
structure, 248, 848 ; theory of ac- 
tion, 246-254. 

Nitrous oxide, 197, 198 ; analysis of, 
200 ; heat of formation, 862, 868, 
874. 

Nitryl, 888. 



Xobcrt's bands, 17. 

Ores, smelted by solar energy, 280 
Organic compounds, 822 ; instabfi 

ity of, 857. 
Oxalic acid, 810. 
Oxides, add and basic, 817; no 

menclature of, 186. 
Oxygen, atomic weight of, 141 

chemical centre of Nature, 817 

relations to the dualistic theoi]f 

317. 
Oxygen gas, 105 ; relations to com 

bustibles, 210-256; preparatio] 

of, 193. 

Perissads and artiads, 272. 
Periodic law, 892. 
i Phenol, 848. 

Phlogiston theory, 112, 113, 265. 
I Phosgene gas, 804. 
Phosphorous acid, 311 ; chloride 

268 ; oxide, 212. 
Phosphorous chloride, 268. 
Phosphorus, contibustion of, 21( 

214 ; variation of qnantivalena 

268, 271. 
Physical changes, definition, lOS 

processes distinguished fron 

chemical, 86. 

Plants decompose carbonic dioxid) 

172. 
Pneumatic trough, 183. 
Polarity of atoms, 298. 
Polarized light, 54-61. 
Potassic chlorate, crystals of, 197 

used for making oxygen gas, 19i 

194 ; burning sugar, 287. 
Potassic chloride, crystals of, 197. 
Potassic hydrate, 281, 298; acte 

on by aluminimti, 291. 
Potassic nitrate (saltpetre), 23S 

243, 282. 
Potassium and water, 281. 
Potential, chemical, 884. 
Prediction of chemical changes, 85S 
Projectile agents, 246. 
Propionic acid, 808, 841 . 
Proportional numbers, 181 ; oldsjl 

tern, 156. 
Propylic alcohol, 340; alddn^ 

889 ; glycol, 842 ; hydride, M 
Prout's hypothesis, 891. 
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P6eud(wlcoiio!g. 840. 




Parpurine, 351. 




Pyridme,818. 


oxide, 289. ^^1 


PjTuvic add, Sll. 


"Religion and Chemistry "—refer- '^^H 




enee, 234. ^H 




Rochc^Ue salla farmed io bread, ^^M 


QuantivaJence, 262-278; distinctivB 


^m 


featare of the new cliBiiiisliy, 


Bocke, cinders at a priioeral Ere, ^^M 


372; how far fiied, 270; Vari- 


^H 


ationa of, 368-273. 


Rosaniline, 346. ^^M 




Rules of chemical arithmello, 167. ^^H 




S34 ; metsla and metalloids, 295 ; 


^H 






tiye, 3BB i Beriol relaeionfl. 296. 


340 ; of Tolatile aeida, SOS. ^^M 


Reactions, analylical, 1 93 ; ayntheti- 




Silicic hydrates, 311-313. ^^M 




Slaking of Ume, 177. ^^H 
Saow-Sakea, 64. ^^M 


IBl ; expressed bfBymbols, 160; 


indicate atructure, 27B, 320; nu- 




merical T&Iuea cnlculated, 160, 


Soap-film, effect of light on, 22; ^^M 


190; kcetio ether and poUaalo 


thidcneBS of, 24, ^^M 


hjdrate, 827 ; ammonia and hj. 
dpoclUoric acid, 206; ammonic 


Soda, caustic, 277. ^H 


Soda-water, 170. ^H 


nitrate wheB healed, 187 ; butyric 




acid and polaaeic hydrate, 328; 


U7; hydrate, 278. ^^M 


carbanicdioiiJeand radium, IH9, 


SoiUum, acllon on water, 276; ya- ^^H 


174; carbonic dioxide and aim- 


nor colors flame, 277. ^^^H 
Solar caasUtution,Bpeclroacopicevi- ^^H 


light, 174; carbonic oxide and 


chlorine gaa, 304 ; carbonic oiide 


donee, »W. ^^M 


and oiyien gas, 304 ; chalk when 


BolidB, ehar«:teriBtic9of. SI ; struct- ^^M 


calcined, 181; d.alk and hydro- 


uie illuBtrat^d, Gt-Sl. ^^H 


chloric acid, 188; coal and ojy- 




gen, 220; metalllo copper ftnd 


density, 70 ; of liquids and eoUds, ^^M 


chlorine gas, 308; hydro{[en and 


71 ; of gases and rapore, 73, 19, ^^^| 


oiyiien, 219; hydrochloric acid 


^B 


and "iron, 288 ; iodide of nitrogen 


Specific heat, 806 ; of elemejiltry ^H 


when exploded, 2D4 ; lime uad 


substancoi, 147. ^H 


water, 177; lime-water and cv- 


Spectroscope, 387. ^^H 


bonic dioxide, 178; m^^nesinm 


Spectroscopic analysis, bsbU of, 220, ^^M 


and water, SOS ; nitric oxide and 


^H 


oxygen gas. 207; polassio ohlo- 


Spectrum, solar, IT. ^^H 


r»le when heated, 194 ; pouaslo 


Stahl, 255. ^H 


hydrate and aluminmn, 291; pa- 


Stability, direct of, 866; of bsso. ^^M 


u tasBie hydrate and nitric add. 


ciation, 355 ; of structure. 3CiS. ^^M 


^ 286; polftMiiim and water, 281 ; 






thermal relationa of, 209. ^^M 


^Ktor, IAS; Bodie carbonate and 


Structure of molecules, 247, 266; ^^M 






^■jAfl ; Wdic hydrat« and hydro- 




^VeUolio vU IBO; Bodium and 


Structures). ^^M 
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Substances defined bj their mole- 
cules, 100; elementary, 126. 

Sugar, burnt by potassic chlorate, 
23*7 ; decomposed by heat, 101 ; 
decomposed by sulphuric acid, 
101. 

Sulphate of lime, 318. 

Sulphur, condition of vapor, 889. 

Sulphuric acid, action on zinc, 288 ; 
action on zinc oxide, 289 ; graphic 
symbol, 310; heat of formation 
of, 362, 363, 374. 

Sun the source of energy, 236. 

Symbols, chemical, 157-166, 207; 
how determined, 162, 278, 282. 

Synthesis, 110, 191; of alizarine, 
361 ; of organic compounds, 823. 

Synthetical reactions, 206-208. 

Table of alcohols, 340; of atomic 
weight of carbon, 143 ; of atomic 
weight of chlorine, 141 ; of atom- 
ic weight of hydrogen, 144; of 
atomic weight of oxygen, 141 ; 
of calorific power of combusti- 
bles, 213 ; of compounds of man- 
ganese and fluorine, 132 ; of com- 
pounds of nitrogen and oxygen, 
132; of dimensions of light- 
waves, 16; of elementary sub- 
stances, 128; of heat of forma- 
tion, 374 ; of hydrides of methyl, 
ethyl, etc., 339 ; law of multiple 
proportions, 133 ; quanti valence 
of atoms, 262, 266 ; specific heat 
of elementary substances, 148 ; 
thickness of soap-film, 24. 

Tartronic acid, 342. 

Temperature, 39-46 ; absolute scale, 
41 ; centigrade scale, 40 ; Fahr- 
enheit scale, 40. 

Tenacity induced, 63. 

Test-papers, 182. 



Tetratomic hydrates, 811. 
Thermo - cheniistry, principles of, 

Thermometer, 40. 
Thomson, Sir William, size of mol- 
ecules, 27. 
Toluidine, 846. 
Toluol, 846. 

Triatomic hydrates, 311. 
Triplumbic hydrate, 273. 
Trisodic phosphate, 311. 
Turmeric-paper, 182. 

Unstable products, falling back of, 

867. 
Urea, crystallization o^ 52. 

Valeric acid, normal, 808 ; isomeric 
modifications, 831. 

Vapors, condition of, 7 ; interpene- 
tration of, 9 ; specific gravity of, 
78-86. 

Victor Meyer's method for vapor- 
density, 86. 

Water, decomposed by electridty, 
103, 106 ; decomposed by sodium, 
276; decomposed by potassium, 
281 ; hardness of, 180 ; heat of 
formation, 874 ; influences chemi- 
cal changes, 161 ; synthesis of, 
218. 

Waves of light, 16. 

Weight, important relations m chem- 
istry. 111 ; of molecules, 68, 78- 
85 ; the measure of mass, 91, 92. 

Weights and measures (French sys- 
tem), 69. 

Weights of atoms, 188. 

Wollastonite, 314. 

Zmc sulphate, 288 ; heat of forma- 
tion, 874. 
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Edited by his Wife. Fourth Edition. Crown Svo, 6s, 

Sermons on Daily Life and Duty. Edited by his Wife. 
Fourth Edition. Crown Svo, 6s, 

The Authentic Gospel, and other Sermons. Edited by 
George St. Clair. Third Edition. Crown Svo, 6s, 

Three Books of God : Nature, History, and Scripture. 
Sermons edited by George St. Clair. Crown Svo, 6s, 

DE yONCOURT, Madamt ^an>. —"Wholesome Cookery. Third 
Edition. Crown Svo, 33. 6d, 

DE LONG, Lieut, Com, G, ^.•— The Voyage of the Jeannette. 
The Ship and Ice Journals ot. Edited by his Wife, Emma 
De Long. With Portraits, Maps, and many Illustrations on 
wood and stone. 2 vols. Demy Svo, 36J. 

Democracy in the Old World and the Neiv. By the Author 
of ** The Suez Canal, the Eastern Question, and Abyssinia " etc 
Small crown Svo, 2s. 6d, 
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VSEfEHEUX. IV. Cept, R.N., RJi.C.S.— Fair Italy, the Hlvlera, 
and Monte Carlo. Comprising a Tour tlirough Norlli and 
Soulh Ilnly and Sicily, with a short account of Malla. Crown 
Svo, 6s. 

A Sloiy. Ej MiRV CiilciiELB. i vol. 

1 Critical Study ofliii 

1789-1S77. Third Edition. Large 



Post 8' 



Studies in Literature, 
post Svo, 61. 

DUFFIELD, A. "J.—Tlan Quixote; his Critics and Commen- 
tators. With a brief account of Ihe minor woilu of Miguel DB 
CCBVAKTES SaaVedra, and a statement of the aim and end of 
the greatest of Ibeni all. A handy bouk for general readers. 
Crown Svo, 31. &/. 

DU MONCEL, CeHnt.—The Telephone, the Microphone, and 
the Phonograph. Wiib 74 lllustrntions. Second Edition. 
Small crown 8n>, $j. 

DURUy, yi^tirr.— History of Rome and the Roman People. 
Edited by Prof. Mahaffv. With nearly 3000 11 lustrations. 410. 
Vols. I. ir. and III. in 6 parts, 301. each vol. 
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Educational Code of the Prussian Nation, In its Present 
Form. In accordance with the Decisions of the Common Pro- 
vincLil Law, and with those of Recent Legislation. Crown Svo, 

Education Library, Edited by Piiiup Magnus :— 

An Introduction lo the History of Educational 

Theories. By Oscak Bkownikg, M.A. Second Edition. 

31. W. 
Old Greek Education. By the Rev. Prof. Mahaffv, i^f.A. 

Second Edition. 31. &/. 
School Managernent. locluding a geneiol view of the work 

of Education, OixEaniialion and Disciphne. By JosErit Landon. 

Third Edition. 61. 
Eighteenth Century Essaya. Selected and Edited by Austin 

DOBSOM. With a Minitturs Fronti«pkce by It. Caldecotl. 

Parchment Library Edition, 61. ; vellum, js. td. 
ELSDALE, //iHO-.— Studies in Tennyson's Idylls. Crov™ Svo, 51. 
EL YOT, Sir Tiemjts.—'The Soke named the Gouernour. Edited 

from the First Edition of 1531 by IIenrv Herqekt Stepiie.n 



CWtT, M.A., BuiUler-at' 



1531 by Henri 
;-La«. 2 vuh. 



Enoch the Prophet. The Book ot Arelibishop Lauhewc«'s Tiaiu- 

latioDi iritb an Introduction by the Autboi of " The Evolution a( 

Chrislianilj." Crown Bvo, 51. 
Eraous. A Collection of Eierclses in the Alcaic and Sapphic Metio. 

Edited by F. W. Coknish, Assistinl Waster at Eicm. Sewod 

Edition. Crown Sro, tt. 
BVA^, Marl.— The Story of Oiif Father's I.0V6, lold lo 

Ctiilihen. Sixth and Cheaper Eiiilion. \\'ilh Four Illustrniions. 

Fcflp. 8vo, IJ. W. 
"Fan Kwae" at Canton before Treaty Days I825-I844. 

By nn old Resident Wilh Frontispiece. Crown Svo, 51. 
f£/S, ^ciii.— Shakspere and Montaigne. An Endeavour to 

Explain IheTendencTor Hoinlet from Allusions in Conlemporvt 

Works. Crown Svo, $>. ^ 

FLECICER, Rev. £'/««t.— Scripture Onomatology. 'Reiim Critical 

Notes on the Septuagiot and other Versions. Second Edition. 

Crown 8ro, 3^. M. 
FLOREDTCE. W. IT.—A. Month among the Mere Irish. SmaU 

crown Svo, y. 
FOWLE.Rev. T. JK— The Divine I.egatIon of Christ. Ctown 

Svo, 7/. 
Frank Leopard. Edited hj Charles Easipton. Crown Bvo, 7*. M 
FULlER.Rai. Mani!.— The Lord's Day ; or. Christian Sunday. 

Its Unity, History, Philosophy, and Terpetual OUligatioo. 

Sermons. Demy Svo, loj, 6J. 
GARDINER, Samuel S., and % B.-ISS MULLTIVGEK M-A." 

Introduction to the Study of Englisli History. Secood 

Edition. Large crown Svo, 91, 
GARDNER, Dorsey. — Quatre Bras, Ligny, and "WTaterloo. A 

Narrative of the Campaign in Delgium, 1815. With Maps aiid 

Plans. Demy Svo, l6r. 
Genesis in Advance of Present Science, A Critical Invesiigaiioo 

of Chapters I.-IX. By it ScpiuaEenatian Beneiiced Presbylu. 

Demy Svo. iw. hJ. ' 

GENNA, E. — Irresponsible Philanthropists. Seing soa* 

Chapters on the Employment of Gentlewomen. Small crown 

GEORGE, Jfinry.—TrogrBas and Poverty : An Inquiry into tW 
Causes of Industrial Deprcsaiona, and of Increase of Want will 
Increase of Wealth. The Remedy. Fifth Libiary Edition 
Post Svo, 7s. 6d. Cabinet Edition, Crown Svo, 2r. 6i£ Also' " 
Cheap "EAvVv^TV. "Lvm^ c\a'ftv, \s. 6d, Fapr 
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GEORGE, Hinry—ettttiHued. 

Social ProblemSi Fourth Thousand. Crown Svo, p. Cheap 

Edition. Paper covers, it. 
GIBSON, yamts K— Journey to Parnassus. Composed Ire Miguel 

DB CSRV ANTES Saavedka. Spanish Text, with Trandation into 

English Tercels, Preface, and lUusltative Notes, by. Crown 

8ra, tzs. 



GLOVER, K, ^.v(.— Exempla Lalina. A First Construing Book, 
with Short Notes, Lexicon, and an Introduction to the Analj'sii 
of Sentences. Second Edition. Fcop. Evo, u. 

GOLDSMW, Sir Frantis ffmry, Bart., Q.C., /A /*.— Memoir at. 
With Potlrait. Second Edition, Revised. Crown Svo, ^s. 

GOODENOVGH, Cemmtdore J. C— Memoir of, with Extracts from 
his Letters and Journals. Edited by bis Widow, With Steel 
Engraved Portrait. Tbiid Edition. Crown Svo, %i, 

COSSE, Z"(/»i(«rf,— Studies in the Literature of Northera 
Europe. New Edition. Large crown Svo, 6i. 
SevanleBiilh Century Studies. A Contribution to the History 
of English Poetry. Demy Svo, to;. 6i/. 

GOULD, Rev. S. Baring, iW!^.— Germany, Pwaenl and Past. 
New and Cheaper Edition. Large crown Svo, li. dd. 

GOiVAN, Major Waller E.—Pl. IvanofT's Russian Grammar, 
(ifith Edition.) Translated, enlaiged, and arranged for use of 
Students of the Russian Language. Demy Svo, 6i, 



CRIMLEY, RtB. If. N., M.A.—Tretnadoc Sermons, chiefly on 
the Spiritual Body, the Unseen "World, and ths 
Divine Humanity. Fourth Edition. Crown Svo, bt. 
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HAEZ.KL:^ /Vr< /■'«j:'.— The History of Greatkm. Translation 
rrriaei by Prodesscc E. Rat Laxoistxx, SLA., F.ILS. With 
Ct^Crcr^i' FUres sad GcBokpal Trees of the Taxioas groqs 
c^ b:^.^ PIis^s aad AniaalL 3 tx}{& Third Edition, Fbst 
^ry, 52.-. 

The History of the EToIation of Man. Witli immeroa 
n:=saT^:ca- 2 tcJs. Past Stts S2i. 

A Visit to Ceylon. Post Sro, 7x. dil 

Freedom in Science and Teaching. With a Prefatory Note 
ly T. H. H'JiiXT, F.R-S. Crown Stx), 5^. 

Hali -Cl:wx S Lilts : — 

A Last LoTe. Bj Anna C Ogl£ [Ashfocd Owen]. 

Sister Dora : x BicgnpliT. Bf Makgaket Ijoxsdai.e. 

True Words for Brave Men : a Bode for SokUeis and Sailon. 
By the Lite Cilaujes KixcsiXT. 

Notes of Travel : bexz^ Extracts firom the Journals of Count Vo!( 

MOLTKE. 

Knglish Sonnets. Collected and Ananged by J. Dexxis. 

London Lvrics. Bt F. LorKUL 

Home Songs for Quiet Hours. By the Rev. Canon R. E 
Baynes. 

HARRIS, UiUusm.'^iniet History of the Radical Party In 
Parliament. DemySvo, 15^. 

HARROP, ^.-Arr/.— Bolingbrokc. A Political Study and Critidsni 
DemySvD, 14J. 

HART, Rr.\ J. JK r.— The Autobiography of Judas Iscariot 

A Character Study. Crown 8vo, y. 6ti. 

HAWEIS, Rrv, H. R., J/.^.— Current Coin. Materialism— The 
Devil — Crime — Drunkenness — Pauperism — E motion — RecreatioB 
— The Sabbath. Fifth Edition. Crown Svo, 5^. 

Arrow^s in the Air. Fifth Edition. Crown Svo, 5^. 

Speech in Season. Fifth Edition. Crown Svo, 5^. 

Thoughts for the Times. Thirteenth Edition. Crown Svo, S^. 

Unsectarian Family Prayers- New Edition. Fcap. 2\A 
IS. 6d, 

HAWKINS, Edwards Cofiurford. — Spirit and Form. Sennooj 
preached in the Parish Church of Leatherhead. Crown Svo, 6;. 

HA WTIIORNE, NManicl.^-VIoTViS. Complete in Twelve Volumes 
Large post Svo, 'js. 6d. each volume. 

* Vol. I. Twice-told Tales. 

II. Mosses from an Old Manse. 
III. The House of the Seven Gables, and The Suotr 
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J/A WTHORNE, Nalhaniel—cenlimicd. 
Vol. IV. The Wondekbook, Tanglewood Tales, and Grand 

V. TiiE Scarlet Letter, and The Blitjiboale Romakce. 
VI. The Marble Faun, [Transformation.] 
.Jlfj' \ Our Old Home, and English Note-Books, 
IX. Americak Note-Books. 
X, FRE^"CH AMD Italian Note-Books. 
XI. Septimius Felton, The Dollivek Romance, Fanshawe, 
akd, in an Appendix, The Ancestral Footstf.p. 
XII. Tales and Essavs, and other PArERs, with a Bio- 
GRAniicAL Sketch of Hawthorne. 



HENNESSY, Sir John /l>/f.— Ralegh in Ireland. With his L«L(e« 
on Irish Ai&irs and some Contempocary Documents, Large crowo 
8vo, printed on Iland-iuiide paper, parcbment, loj'. ild. 

HENRY, J'Ailip.—Uiaiiea and Letters of. Edited by Matthew 
IIenev Lee, M.A. Large crown 8vo, 71. 6J. 

HIDE, jllkr/.~The Ago to Come. Sinnll crown 8vo, zj. W. 

H/ME, Major H. IV. L., J?..'*.— 'Wagiieriam ; A Protest. Crown 



8vu, 3 



.(,d. 
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UlNTON, y.— Life and Letters. With 
I W. Gull, Bart., and rurtrait ciigra\ 

rmh Edilion. down Svo, &i. €l. 
i Philosophy and Religion. Selections fromjhe MiDUScripti of 

the lale James Hinton, Edited by CAROLINE Haudoh. Second 

- Edition. Crown Svo, 5r. 

Tlio Lawr Breaker, and The Coming of tha Law. 

^ Edited by Margarlt lIiSTON.' Crown Svo, 61. 

? The Mystery of Pain. New Edilinn. Fcap. Svo, U. 

Hodson of Hodson's Horse ; or. Twelve Vears of a Soldier's Life 

ill India. Being exirncti from the Lelleis of the late Majot 

W. S. K. Ilodson. With a Vindication from ihc Attack of Mr. 

BoswoiUi Smiih. Edited bj his brother, G. 11. HoDSON, M.A. 

— Fourth Edition. Large crotvn ^10, y. 

tfOLTHAM. E. (7.— Eight Years In Japan. 1873-1881. Work, 

Travel, and Recreation. Vith three Maps. Large crown Svo, gj. 

■rHomotogy of Econotnlc Justice. An E^say by an East India 

^ Merchant, Small crown Svo, 51. 

HOOPER. -l/jTv.— Little Dinners: Hotw to Sei^e theni with 

Elegance and Ecoaoiny. Eighteenth Edition, Crown 

6vo, u. fd. 



BOOPER, Mary—tantimitJ. 



Every-Day Heals. Being EcoBomicii] nnd Wholesome Red;e 
for Brealdasl, Lncchcon, «nd Supper, Si»th Ediljon. Cronn 
Bvo, tt. 6d. 

Fiftt 

UOSPiTALlER, £.— The Modern Appllcatloas of Electricity. 
Tmukted and EiUaigtnl hj Jtiuus Maie^ Ph.D. a toU 
Second Edilion, Reviicd, with man; odlUioiis and numeiau 
lllustnilions. Ilemj Svo, izr. 6/. each volume. 
Vol. I.— Elecliic Genetators, Eleclric Light. 
Vol. II,— Telephone : Various Applications j Eleclrial 
TwnnniSiioD of Energy. 



tJUNTINGFORD, Rai. E., D.C.L.—Tho Apocalypse. With I 
Commectiiy and Introductory Essay. Demy Svo, 5r, 

IWTCHINSOH, //:— Thought SymboUsm, and Grammfttlc 
lUueions. Being a Treaiiie on tlie Nature, PqrpoK lai 

Material of Speech. Crown 8vo, 51. * 

BUTTON, Rev, C. F. — Uaconsclouis Testimony ; or. The Siioi 
Witness of the Hebrew to ibe Truth o[ th? Historical Scn'pwrc' 
Crown Svo, 21. 6d. 

IIYNDMAN, II. M.—Ttie Historical Basis of Soclalisro lo 

England. Large ciown Svo, Ss. &/. 

/M THUIfA', Evirari A— Among the Indians of GulaW 
Beine Sketches, chiefly an thropoloeic, from the Interior ofBrilu! 
Guiaoa. With 53 Illustrations and a Map. Demy Svo \%i. 

JACCOUD, PrBf. j-.— The Curabtlity and Treatment of Pni- 
monary Phthisis, Translated and edited bv Mosw;' 
Lubbock, AtD. Demy 8»», i5f. 

a Indian Seoa, La^ cW 

JENKINS, E., and RAYMOND, ?— Tho ArchUect'g Lutf 
Handbook- Third Edition, revised. , Crown 8vo, 6/, 

JENNINGS.Mrs.^ rfliy^rtn.— Hahel 1 Her Life and Letters'. Isi 
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tSXy/S, Rev. W. Hinhy.—Tcia GaUicaa Church and the 
Bevolutlon. A Sequel to tlie History of llie Church of 
France, from the Concordat of Bologna to the RcTOlution. 
Demy Svo, l%s. 

WO£L, L. — A Consul's Manual and Shipowner's and Ship- 
master's Practical Guide in their Transact iona 
Abroad. With Defiaitions of Nautical, Mercantile, and Lq;nl 
Terms; a Glossary of Mercantile Terms in English, French, 
German, Italian, and Spanish ; Tables of the Money, Weights, 
and Measures of the Friacipal Commercial Nations and their 
Equivalents in British Standards ; and Forms of Consulai and 
Hotaiial Acts. Demy Svo, izi, 

HiHNSTQNE, C. F., jl/.^.— Historical Abstracts ! being Outlines 
of the History of Eome of the less known Slates of Europe, 
Crown Svo, ^i. (id. 

yOLiy, miliaai, FJi.S.E., (/^.— The Life of John Duncan, 
Scotch Weaver and Botanist. With Sketches of his 
Friends and Notices of his Times. Second Edition, La^e 
crown Svo, with Etched Portrait, 91, 



KAY, JiM/A.—Free Trade in Land. Edited by his Widow. With 
Preface by the Right Hon, Johm Beigiit, M.P. Seventh 
Edition. Crown Svo, 5/, 

K^MPIS, TTumas i— Of the Imitation of Christ. Parchment 
Ubrary Edition,— Parchment or cloth, 6s. ; vellum, ^s. 6J. The 
^ lied line Edition, fcao. Svo, red edges, 3s. &/. The Catunet 

^L Edition, small Svo, doUi limp, u. ; cloth boards, rod edges, tt, Ck/, 

^M The Miniature Edition/ red edges, 33n)0, ti. 

^P *,* All (he above Editions may be had in various extra bindings. 

[ KENT, C— Corona CathoUca ad Petri successorii Pedes 
) Oblata. De Summl Pontiflcls Leonls XIII. As- 

sumplione Epleramma. In Quioquaeinta Lin-uis. Fcap, 

4to, 155. 
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KETTLE IVELL, Rev, 5.— Thomas a Kempis and the Brothers 
I of Common XJfe. 2 vols. With Frontispieces. DcmySvo, 

•^* Also an Abridged Edition, in one volume. With Portrait. Crown 

8vo, 7j. 6</. 

KIDD, Joseph, M,D.—lihe Laws of Therapeutics ; or, the Science 
^ and Ajt of Medicine. Second Edition. Crown 8vo, 6f. 

, KINGSFORD, Attna, J/.Z?.— The Perfect ^IVay In Diet A 

Treatise advocating a Return to the Natural and Ancient Food d 
our Race. Small crown 8vo, zr. 

I KINCSLEY, Charles, i^/.i4.— Letters and Memories of his Life. 

Edited by his Wife. With two Steel Engraved Portraits, and 
Vignettes on Wood. Fifteenth Cabinet Edition* 2 vols. Crown 

8V0, 125, 

*^ Also a People's Edition, in one volume. With Portrait. Crown 

8vo, dr. 

All Saints* Day, and other Sermons. Edited by the Rev. W. 
Harrison. Third Edition. Crown 8vo, *js, 6d. 

True 'Words for Brave Men. A Book for Soldiers* and 
Sailors* Libraries. Eleventh Edition. Crown 8vo, 2j. 6d, 

KNOX, Alexander -4.— The New Playground ; or. Wanderings in 
Algeria. New and Cheaper Edition. Large crown 8vo, dr. 

>iV; Joseph,— %c\iOQt\ Management ; Including a General View 
of the Work of Education, Organization, and Disciphne. Third 
Edition. Crown 8vo, 6j. 

LAURIE, S, 5.— The Training of Teachers, and other EducaUonal 
Papers. Crown 8vo, 7/. dd, 

LEE, Rev. F, G., Z?.C.Z.— The Other World ; or. Glimpses of the 
Supernatural. 2 vc^. A New Edition. Crown 8vo, 15J. 

Letters frona an Unknow^n Friend. By the Author of " Charles 
Lowder.** With a Preface by the Rev. W. H. Cleaver. Fcap. 
8vo, \5, 

Letters from a Young Kmigrant in Manitoba. Second Edition. 
Small crown 8vo, y, 6d. 

Levrard, Frank. Edited by Charles Bampton. Crown 8vo, js, 6J. 

LEWIS, Edward Dillon.— K Draft Code of Criminal Law and 
Procedure. Demy 8vo, 21s, 

LILLIEy Arthur, M.R.A.S.—The Popular Life of Buddha. 

Containing an Answer to the Hibbert Lectures of i88r. With 
Illustrations. Crown 8vo, 6s, 

LLOYD, PValter.—The Hope of the World : An Essay on Universal 
Redemption. Crown 8vo, $/. 

LONSDALE, Margure/,— Sister Dora : a Biography, With Portrait. 
Cheap Edition. Crown 8vO| 2s, 6d, 
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LOWDER, Ckarhs.-k. Biography. Sy the Anthor of " St, Teresa." 

Kewand Cheaper Edition. CroivnSvo, With Portrait. 31. bd, 
LUCKES, Eva C. ^.—Lectures on General Nursing, delivered lo 

Ihe Prohationcts of the London Hospital Tnuning School for 

Nurses, Cromn Svo, is. M. 
LYALL, William Rovjt, Z'.Z).— Propsedeia Prophetica ; or, The 

Use and Design of the Old Testament Eiamired. New Edition. 

Wiih Notices by Geokge C. Fearsok, M.A., Hon. Canon of 

Canterbury, Demy Svo. 
LVTTON, Edward Bulwer, Icrd.—lAte, Letters and LUerary 

Remains. Bv his Son, the Earl of Lvtton. With Portraits, 

Illuslralions and Facsimiles, Demy Sto. Vols. I, and II., 32/, 
AMCvf£/Z^P, C. C— Fraocia Beaumoot ! A Critical Study. Crowo 



MACIIIAVELU, Nicco!d. — -LilB and Times. By Prof. Villari. 

Tr.iJslated by Linda Villaki. 4 vols. Large post, Svo, 4SJ. 
MACniAVELU, JViffffja.— Discourses on the First Decade of 

Titua Llvlus. Translated from the Italian by Ninian Hill 

Thomson, M.A. Large crown Svo, i2j. 
The Prince. Translated from the Italian by N. H. T. Small 

croivn Svo, printed on hand-made paper, bevelled boards, &. 

MACKENZIE, AUxanda-.—'ilav India is Governed. Being an 
Account of England's Work in India, Small crown 8vo, ai. 

M ACN AUGHT, Rai.^hn.—dK&ns.'aaTa.i-Di; An Essay oa the Lord's 

Supper, ils Piimiiive Institntiuo, Apostolic Uscs, and Subsequent 

History, Demy Svo, 14J. 
IHACWALTER, Reo. G. S.— 1.11a of Antonio Rosmtni Serbatl 

iFoundcr of the loslitule of Charily). 2 vols. Demy 8vo. 

[Vol. I. now ready, price 12/. 

MAGNUS, jl/rj.— About the Jews since Bible Times. From the 

Babylonian Exile till Ihe Englisb Exodus. Small crown Svo, 6j. 

MAtR, R, S., M.D., /^.R.C.S.E.— The Medical Guide for Anglo- 
Indians. Being 3 Compendium of Advice lo Europeans in 
India, relating to the PteBervntioo and Regulation of Heallb, 
With a Supplement on Ihe Management of Children in India. 
Second Edition, Crown Svo, limp cloth, 3^. 61I, 

MALDEN, ffeHiy £/AV/.— Vienna, 1683. The History and Consc- 
qaencea e>( the Defeat of the Turks before Vienna, September 

], 4/. bJ. 
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Uany Voices. A volume oT Extracts from the ReUgious WdloL, 

Cliiistendom from the First to the Sixieenth Century. ITii 
Bicgraphical Sketches. Crown Evo, doth cxtia, red edge^ k. 

MAKKHAM, Capt. Alhii Hojliits', R.N. — Ttie Great FrozenSai 
A Personal Narrative of the Voyage of the ^*trt during tlieAm: 
Expedition of 1875-6. With 6 PulJ-page IllustrationSj lEn 
and ^^ WooJoils, Sixlh and Cheaper Edition. Crown Sv^ 
A Polar Reconnaissance ; being the Voj-oge of the Ujn 
loNovayaZeroljaia 1879. WilhiQlUuslrafioDs. DemjBv ' 

Marriage and Matenally; or. Scripture Wites and Mothers. 
croMTi Svo, 4J. &/. 

MARTINEAU, Cr/^/nA.— Outline Lessons on Morals. Sri 
etowD 8vo, V- ^' 



MAUDSLEY, H., MM. 
ceining Will, in it 
Aspects. 8vo, iz 



-Body and "WiU. Being an Essiv.o» 

, Metiphyaca], Physiological, and Pathwi^ 



MERBDITH, J^-*,— Theotokos, the Example for TWoman. 

Dedicated, by permisiion, to Lady Agnes Wood, Revitd kj 

the Venerable Archdeacon Denison, 32100, limp clolb, ii. M 
MILLER, Edward.— tha History and Doctrines of Infinglami 

or, The so-called Catholic and Apostolic Ciiurch. 2 vols Lais 

post Svo, 25*. 

The Church in Relation to the State. Ijiwe en 



MITCHELL, Lucy Mt—A. History of Ancient Sculpture. 

Eumeious lUnstralions, including 6 Plates iu Photolyoc SuM 
royal Svo, 42J. "^ "^ 

Selections from Ancient Sculpture. Boiiig a Portfolio ctA 
lainine; Koproductions in Phototype of 36 Masleapieces oTAndtdl 
Art to illustrate ^h:s. Mitchell's "Hbtoiy of Ancient Sculptntt 

MITFORD. Btriraiii.—thta-agh the Zulu Country. lis Bolile 
fields aad its People. With Five llliutratioas, Xieiaj Svo, 141. 

MOCKLER, E. — A Grammar of the Baloochee Language, il 
it is spoken in Makran (Ancient Gediosin), in the Petala-ArabI 
and Roman characters. Fcap. Svo, Jr. 

MOLESWQRTH, R^. JK Mniau, M.A.—'Hlala-cs of the Churd 



. ol En^laad tiojo. 1660. La;^: cj 



n Svo, J J. 
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MORELL, y. ^.—Euclid Simplified In Method and Language. 
Being a Manual of Gcomelry. Compiled from the most important 
French Wotlis, approved by the Unirersity of Paris and ihe 
Mitliiler of Publii: Instraction. Fcap. Bvo, ar. (td. 
MORRIS, Cnrgr.—The Duality of aU DiTino Truth In our 
Lord Jesus Christ. For God'a Sclf-monifcstationin the Impu- 
tation of the Divine Nature to Man. Large crown Sro, 71. 6d. 
MORSE, E. S., Fh-D.—Vini Book of Zoology. With numerous 

Illti£tra.tion£, New and Cheaper Edition. Ciown 8vo, 2.r. <jd. 
MULL, ATa/^ttu.— Paradise Lost. By John Milton. Books I— VI. 
The Mutilations of (be Text emendeil, the Punctuation revised, 
and all coUeclivcly presented, with Note; and Preface; also 
a shoit Essay on the Intellectual Valne of Milton's Works, etc 
Demy Svo, 6f. 
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. NELSON, y. H., M.A.—h, Prospectus of the SclenURc Study 
( of the Hindu X^w. Demy Svo, 9*. 

I NEWMAN, Cflra'wa/.— Characteristics from the "Writinga of. 
t Being Selections from his various Woiks. Armnged with the 

Author's personal Appm^-aL Sixth Edition. With Poitraii, 
' Crown Svo, fef. 

t •,* A Portrait of Cardinal Newman, mounted for framing, ean 

be had, ai. ful, 
f NEWMAN, Frandt IfilJiam.—EaB^ys on Diet. Smnll crown Svo. 
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CriiicaJ Analysis of Ihe External and Internal Fvidencc relating 
^ to il. Demy Svo, 91. ^. 

% A New Commentary on ths Gospel acconling to 

I* Mattheiv. Demy Svo, lu. 
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The Sonnets of John Millon. Edited by Wauk PattisON. 
With Portrait after Vertue. 

French Lyrics. Selected and Annotated by George Sainis- 

BURV. With o Miniature Ftonlispiece designed and etched by 

H. G. Glindonl. 
Fables by Mr. John Gay. With Memoir by AUSTIN Dobson, 

and an Etchsd Portrait from an unfinished Oil Sketch by Sir 

Godfrey Kneller. 

Select letters of Percy Bysshe Shelley. EditeJ, with an 
Introduction, by Richard Gaknett. 

The Christian Tear. Thoughts in Verse for ihe Sundays and 
Holy Days ihroughoul the Year. With Miniature Portrait of the 
ltd-. J. Keble, after a Drawing by G. Richmond, R.A. 

Shakspere's "Works, Complele in Toelve Volumes. 



Q. Horali Flaccl Opera. Edited by F. A. CoRNisit, Assistant 
Masfei at Eton. With s Frontispiece after a design by L. Alma 
Tadema, etched by Leopold Lowenstam. 



Shakspere's Sonnets. Edited by Edward DowncH. ^Viih a 
Frontispiece etched by Leopold I-owenstatn, after llie Death 
Mask. 





A List of 



Parchmeni Library — toniinued. 

Of the Imitation of Christ. By Thomas A Keuto. J 

revised TransUtion, Willi FioalUpiccc oa India paper, [no 

Dciif^ by W. B. Richmond. 
Poems: Selected rrom Percy Bvsshe Shellev. Dcdiciltii 

Lad)! Shelley. With a Pcelnce by RiciiAKD Gabkett ik 

Miniature Frontispiece. 
",• The above volunics may also be had in a variety of leather Inndi:^ 
PJKSLOE, ^Mffi.—OuT Railways. Skelchcs, HisMriol ai 

Descnptive. Willi Practical Information ai to Faies and Rate 

«tc., and a Chapter on Railway Reform. Crown Svo, fa. 
PASCAL, Blaise— The Thoughts of. Translated (ram the Ton 

Angiute Mohnier, by C. K£(:A?( Paul. I^rge crown Sto, ^ 
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M.A., Rev, W, F. Adenkv, M.A,, Rev. W. M. Statham, and 
Rev, Professor J. Thomson, M.A. Fourth Edition, los. 6d, 

1 Samuel. By IheVciyRev. R. P. Smith.D.D. With Homilies 
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Stray Papers on Education, and Scenes fiom School Life. Ry B. H. 

Second Edition. Small crown Svo, 3^. td, 
STREATFEJLD, Rev. G. .y,,J/:-4.— Lincolnshire and the Danes. 
Large crown Svo, ^!. dd. 

Sr/!ECfrER-iy/S/./C£A'C/S.—OTganlcCheialsicy. Traib,blcii and 
Ediicd, with Extensive Additions, by W. R. IIoi^gkinson, 
I'h.D., and A. J. Greenaway, F.I.C. Demy 8vo, au. 
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